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Abstract: The paper proposes a new method to distinguish between paleosols and glacial
loess deposits. The aim of our study is to test whether magnetic susceptibility measure-
ments can be used as proxies for determining the boundary between the loess and paleosol.
The measurements show excellent correlation with occurrence of the horizons influenced
with pedogenesis. These values are generally explained in terms of the greater concentra-
tions of ultrafine ferrimagnetic minerals in the recent soils and paleosols. The observed
relationship between the susceptibility and lithology follows the behavior observed on
the Chinese Loess Plateau, which is the complete opposite of the pattern reported from
Alaskan and Siberian loess deposits.
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1. Introduction

Magnetic measurement techniques are widely used in present environmental
studies (Chaparro et al., 2004; Desenfant et al., 2004). Special attention is
paid to determining the connections between different soil forming regimes
(e.g. pedoenvironments) and types, properties and occurrence of Fe-oxides
along the soil depths (Maier and Scholger, 2004; Petrovský et al., 2004).
This question is particularly significant in applying the magnetic prop-

erties of soils to the detection of anthropogenic pollution (Bityukova et al.,
2000; Garcia-Sanchez and Alvarwez-Ayuso, 2003), as well as to paleocli-
matic reconstructions based on susceptibility variations along loess/paleosol
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sequences (Verosub et al., 1993; Matasova et al., 2001; Liu et al., 2004).
“Soil memory” defined as an assemblage of persistent pedogenic solid-

phase properties, storing the information about paleoenvironments (Tar-
gulian and Sokolova, 1996) plays an important role in understanding the
geosystem history since 3000 million years ago, i.e. Precambrian. For the
Quaternary, loess-paleosol sequences represent one of the most detailed
terrestrial records of global and regional climate changes, in particular -
glacial/interglacial cycles. For these sequences rock-magnetic properties,
intensively studied over last decades, have proven to be a sensitive paleocli-
mate indicator. Paleoclimatic interpretation of the magnetic susceptibility
values of the paleosols and sediments was based on the fact that soil for-
mation is typically linked to enhanced concentration of fine and ultrafine
magnetite/maghemite grains (Heller and Evans, 1995), caused, probably
by weathering, pedogenetic processes and bacteriological magnetite synthe-
sis (Maher and Thomson, 1992). Magnetic measurements of the thick loess
deposits in the Chinese loess plateau, first carried out by Heller and Liu
(1982, 1984 in Schellenberger et al., 2003) and followed by series of detailed
studies (Verosub et al., 1993; Spasov et al., 2003; Maher et al., 2003; Liu et
al., 2004) as well as in loess sequences of Tadschikistan (Forster and Heller,
1997), Siberia (Matasova et al., 2001), United States of America (Geiss et
al., 2004), Argentina (Schellenberger et al., 2003), Bulgaria (Jordanova and
Petersen, 1999), Hungary (Sartori et al., 1999), Czech Republic (Šroubek
et al., 1998), Poland and Ukraine (Nawrocki et al., 1999).
Magnetic properties of the Late Pleistocene loess-paleosol sequences in

Slovakia can be regarded as one of the missing links to our understanding
of the last glacial development of Europe. The purpose of this study is to
measure and discuss magnetic susceptibility determined in Senec brickyard
loess/paleosol sequence loess and fossil soil horizons (south-west Slovakia).

1.1. Soil magnetometry and loess-paleosol sequences

The magnetic properties of paleosol developed in Quaternary sequences of
loess have been used for: stratigraphic definition; correlation with other
terrestrial and deep-sea sequences and paleoclimatic (paleorainfall) recon-
struction (Tang et al., 2003).
The major existing problem for deciphering and using the detailed cli-
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mate record in loess/paleosol sequence is understanding the physical and
chemical processes by which climate has controlled magnetic susceptibility.
Most workers now conclude that pedogenic processes are responsible for
most of the variations in magnetic susceptibility in loess/paleosol sequences.
Studies published at the last century-end (Banerjee and Jackson, 1996; Sar-
tori et al., 1999) showed that the enhancement of magnetic susceptibility
in paleosols is associated with ferrimagnetic minerals produced during pe-
dogenesis. Many such pedogenic grains are extremely fine-grained magnetic
particles and called superparamagnetic (SP). The magnetization of super-
paramagnetic particles can align very quickly with an external magnetic
field, giving them a high magnetic susceptibility. Mineral magnetic prop-
erties of loess/paleosol sequences are very sensitive indicators of climatic
change (Šroubek et al., 1998). Hence the paleosols, the concentrations of
SP-sized grains, and the past extent of the summer monsoons are all linked.
The positive correlation between magnetic susceptibility and pedogenic

degree or weathering intensity, observed in the loess-paleosol sequences from
China and central Europe, has been widely used by Quaternary scientists
for paleoclimatic studies. The in-situ pedogenic enhancement of ferromag-
netic contents is normally believed to be the main reason for the increase
of susceptibility in soil units. However, this pattern of high magnetic sus-
ceptibility in paleosols, and lower values in loess, is not replicated in some
loess deposits. Alaskan and Siberian loess deposits display a completely
opposite susceptibility behaviour: high values in loess and low values in
paleosols. This inverse relationship has been explained by the idea that
magnetic susceptibility is reflecting the magnitude of an aeolian ferromag-
netic component of consistent mineralogy, the grain size of which is related
to average wind velocity (Liu et al., 2001).
Present knowledge indicates that there is a high percentage conversion

of iron oxide to the ferromagnetic form and a concomitant high magnetic
susceptibility in well-drained soils developed in regions with a climate that
includes a pronounced hot dry period. It is, therefore, possible that mag-
netic susceptibility measurements could be used to identify those paleosols,
for example, which were formed in warmer dryer climatic conditions than
exist at the present time. In interpreting the magnetic susceptibility of soils
it must, however, always be remembered that high percentage conversions
can also be produced by burning associated either with the clearance of land
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for agriculture or with human habitation (Tite and Linington, 1975).
The true reason of varying magnetic susceptibility values is still not suf-

ficiently cleared. Two theories exist to explain this pattern:

– Decrease of magnetic susceptibility values in loess sequences occurred as
a result of dilution of ultra-fine magnetic particles constant supply orig-
inating from low susceptibility material. Maximal dilution should occur
in this case during glacial periods, i.e. supply of low magnetic suscepti-
bility material was dominant (Evans and Walton, 1999; Jordanova and
Petersen, 1999; Liu et al., 2004).

– The most commonly accepted pedogenetical alternative states that the
increase of magnetic susceptibility in paleosols is affecting by pedogene-
sis in situ during more humid and rather warm periods. Organic matter
presence, good draining regime as well as the change of humid and arid
conditions are supposed to support the bacterial detrital iron oxides re-
duction and ultra fine magnetite chemical precipitation during these pe-
riods (Verosub et al., 1993; Matasova et al., 2001; Spassov et al., 2003).

2. Materials and methods

The study area is located in the Senec brickyard (SW of Slovakia) (Fig. 1).
Loess-paleosol profile is situated on the northern wall of the former brick-
yard which is more than 6 m high. Magnetic susceptibility measurement
was performed in the field directly in the brickyard wall with 0.1 m inter-
val. Soil samples were taken at 0.5 m interval for laboratory analyses. The
samples were air-dried and passed through a 2 mm sieve before analysis.
The determinations of soil pH, total organic carbon content, and parti-

cle size distribution were made following standard methods (Fiala, 1999).
Soil pH values were determined using a soil/solution ratio 1:2.5. Soil or-
ganic matter (SOM) content was determined by oxidation with K2Cr2O7
–H2SO4 and titration of non-reduced dichromate. Determination of cal-
cium carbonate was based on carbonate decomposition by reaction with
HCl which released CO2. Carbon dioxide was then determined volumetri-
cally.
There is a wide variety of methods available for the measurement of
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Fig. 1. The location of the loess profile.

magnetic susceptibility of which only a few are appropriate to soil stud-
ies. Microkappa KT-5 was applied for the field measurement of magnetic
susceptibility (κ). All soil susceptibility values quoted in this article were
measured in weak alternating fields at frequencies around 10 kHz.
The fundamental part of the instrument is an LC oscillator of 10 kHz.

The frequency of the oscillator is measured with the coil at some distance
from the soil (so called “free space” measurement) and then with the coil
applied to the soil surface. From the frequency difference the apparent
susceptibility is computed by the microcomputer and displayed in 10−3 SI
units.
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3. Results and discussion

3.1. Loess-paleosol sequence

In Czech Republic and Slovakia, the Pleistocene paleosols are normally pedo-
complexes (Smoĺıková, 1990). Pedocomplexes have been recently redefined
by the Paleopedology commission of INQUA as comprising two or more
soils (pedomembers), which are separated over large areas by thin, almost
unmodified deposits or by a layer of calcareous nodules and are overlain or
underlain by greater thickness of unmodified deposits or by unconformities
(Catt, 1998).
More than 6 m deep profile of loess-paleosol sequence is exposed for re-

search on the northern wall of an abandoned brickyard at Senec. Well devel-
oped pedocomplex at the base of the profile (depth of 5.3–6.7 m) represents
the Mindel/Ris (M/R) interglacial (Šajgaĺık and Modlitba, 1983) and cor-
responds to pedocomplex PKV according to Smoĺıková (1990). Bronger
(2003) correlates the pedocomplex PKV with the F5a paleosol at Mende
near Budapest. This paleosol is correlated with δ18 O-substage 9c (Bronger,
2003) and dated to about 330 ka. M/R pedocomplex consists of two rubi-
fied paleosols with illuvial horizons developed under Mediterranean climate.
Climate characterized by alternating of warm dry and warm moist periods
is evidenced with Cochlodina fauna (Šajgaĺık and Modlitba, 1983).
Superposed Riss sediments were not preserved as well as Early Würm

(W) loess. There is a sharp boundary between rubified pedocomplex and
overlying Würm2 (W2) sediments. Würm sedimentation was interrupted
duringWürm2/Würm3 (W2/3) interstadial. W2/3 interstadial is represented
by paleosol of brownearth type at depth of 3.9-4.3 cm, which is of initial
character with frequent finds of carbon and is usually without or with a
negligible content of conchylia (Vaškovská, 1984). Interstadial corresponds
to pedocomplex PKI according to Smoĺıková (1990) and to Stillfried B in
Austria. Zhu et al. (2001) correlated the pedocomplex PKI with L1SS1 on
the Chinese Loess Plateauand and dated between 24 and 57 ka. Pedocom-
plex L1SS1 is equivalent of δ18 O-stage 3.
Würm3 (W3) stadial as the youngest Würm stadial is of the largest ex-

tension. It is represented by loess with thickness more than 3 m. The
W3 stadial loess is found below the recent soil (0.8–3.9 m). Its accumu-
lation is interrupted by weak pedogenesis at depth 2.9–3.2 m, which indi-
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cates the subinterstadial and shows aggregation in thin sections (Vaškovská,
1984). The loess of the upper subhorizon has high aleurite content (0.05–
0.005 mm)–72%, of it coarse dust (0.05–0.01 mm) is 54%. The content of
clayey particles (< 0.002 mm) is 15%. The loess has Md = 0.026, So =
1.9–2.1 and a high content of carbonates (CaCO3 = 33–28% ) and low hu-
mus content (0.18–0.25%). In the chemical composition of loess SiO2 (50%),
CaO (14%), and R2O3 (13%) dominate. Among clay minerals, montmoril-
lonite and less illite were found (Vaškovská, 1984).
In the upper part of the profile, the recent calcaric Haplic Chernozem is

developed with mollic A horizon.

3.2. Magnetic susceptibility

The measured results in loess-paleosol complex of Senec brickyard demon-
strate the indicative importance of magnetic susceptibility measurements
(κ). The measured data of magnetic susceptibility (Table 1) plotted in
Fig. 2 show a strong increase of magnetic susceptibility in soils compared to
loess deposits. The highest values were recorded in recent Chernozem as well
as in rubified pedocomplex. Lower values of magnetic susceptibility were
measured in paleosol of brownearth type, which is in initial stage of develop-
ment. The specific magnetic susceptibility values at loess-paleosol sequence
positively correlate with the intensity of pedogenesis. Relative maximum
tends to correspond mainly with paleosol horizons and relative minimum
with loess layers. There is an absolute maximum of 0.96 × 10−3 SI u. in
paleosol horizon at a depth of 6.2 m. In contrast, the loess layer is charac-
terized by the lowest measured susceptibility of 0.17 × 10−3 SI u.
All studies of magnetic properties in Senec brickyard sediments so far

revealed a pattern of high magnetic susceptibility in paleosol horizons and
lower values in loess. Analogous relationships were found in the Chinese
Loess Plateau (Sun and Liu, 2000) and Europe (Bulgaria - Jordanova and
Petersen, 1999; Hungary - Sartori et al., 1999; Czech Republic - Šroubek
et al., 1998). Some authors, however, evidenced that the correlation of sus-
ceptibility data with paleoclimate is more complex. Nawrocki et al. (1999)
investigated five loess-paleosol sections located in the Black Sea region, the
western Ukraine and Poland where they observed distinct magnetic deple-
tion or dilution in gley soils and leached horizons of podzols and brown
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Table 1. Measured values of the magnetic susceptibility of Senec brickyard loess/paleosol
sequence

0.1 7.20 0.9 6.4 0.96 3.9 0.28
1.2 0.18 4.0 0.26
1.3 0.21 4.1 7.83 0.2 12.0 0.27
1.4 0.21 4.2 0.28
1.5 0.23 4.3 0.29
1.6 7.81 0.2 24.8 0.22 4.4 0.25
1.7 0.23 4.5 0.22
1.8 0.25 4.6 7.86 0.2 17.0 0.23
1.9 0.24 4.7 0.26
2.0 0.24 4.8 0.23
2.1 7.85 0.1 23.0 0.21 4.9 0.23
2.2 0.22 5.0 0.26
2.3 0.22 5.1 7.83 0.2 14.8 0.24
2.4 0.25 5.2 0.26
2.5 0.23 5.3 0.61
2.6 7.77 0.2 19.0 0.23 5.4 0.78
2.7 0.23 5.5 0.77
2.8 0.22 5.6 7.57 0.2 4.0 0.70
2.9 0.21 5.7 0.62
3.0 0.23 5.8 0.62
3.1 7.89 0.2 21.8 0.22 5.9 0.69
3.2 0.17 6.0 0.93
3.3 0.20 6.1 7.44 0.2 3.2 0.94
3.4 0.22 6.2 0.96
3.5 0.21 6.3 0.77
3.6 7.90 0.2 23.4 0.23 6.4 0.74
3.7 0.24 6.5 0.55
3.8 0.22 6.6 0.53

6.7 7.41 0.1 1.0 0.47

pH/KCl
Cox

�

� (10-3 SI u.)CaCO3 (%)depth (m) � (10-3 SI u.) depth (m)Cox (%) Cox (%)CaCO3 (%)pH/KCl pH/KCl

- organic carbon content
- magnetic susceptibility

- loess
- paleosol
- soil pH measured at soil:solution ratio of 1:2.5

type soils. Also the results of Zhu et al. (2001) indicated that the rela-
tionship between magnetic susceptibility and paleoprecipitation can be far
from certain on the Chinese Loess Plateau. They explained lower magnetic
susceptibility as a result of pedogenic hydromorphic processes affecting the
iron minerals responsible for the susceptibility signal.
Regardless of the existing controversies in paleoclimatic interpretations

at some loess sections there is a global significance of the magnetic suscepti-
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Fig. 2. Distribution of magnetic susceptibility values toward the depth.

bility in most of loess-paleosol sequences because of good similarity with the
oxygen isotope fluctuation in deep sea sediments. The investigated loess-
paleosol sequence in Senec brickyard does not consist of paleosols affected
by hydromorphic processes or leached horizons and obtained results clearly
demonstrate the increase of magnetic susceptibility with intensity of pe-
dogenesis. Magnetic susceptibility measurement must be considered as an
important diagnostic tool especially for paleosol horizons affected by pro-
gressive decomposition of soil organic matter with increasing age, making
difficult to identify paleosol horizon as in the case of initial brownearth rep-
resenting W2/3 interstadial. Measurements in rubified pedocomplex from
M/R interglacial are also of considerable importance, clearly indicating the
strong pedogenesis and the sharp boundary between two paleosols where a
thin layer of unmodified deposits is absent.
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4. Conclusion

Variations in magnetic properties, such as the susceptibility, in loess/paleosol
sequences have been widely recognised as a proxy indicator of Quaternary
climatic evolution. However, the link between magnetic susceptibility and
climate is not consistent, the magnetic susceptibility of paleosols is enhanced
relative to the intervening loess due to the formation of ultrafine ferrimag-
netic material during pedogenesis.
A strong contrast between the soil and loess susceptibility is present.

The magnetic susceptibility signal follows the known behavior of Chinese
Loess Plateau. Relative susceptibility minima tend to be associated with
loess layers, whereas relative maxima correspond to paleosol. The underly-
ing causes and mechanisms are still the subject of active debate.
Magnetic susceptibility measurements show excellent correlation with oc-

currence of the horizons influenced with pedogenesis. The elevated values
of the magnetic susceptibility were observed in the recent A horizon of cal-
caric Haplic Chernozem and in paleosols. Magnetic susceptibility values are
generally explained in terms of greater concentrations of ultrafine ferrimag-
netic minerals, notably magnetite and maghemite, in the recent soils and
paleosols. Two theories exist to explain this pattern. The first explained
the vertical variations in terms of the dilution of a constant atmospheric
influx of ultrafine magnetic particles by dust of small susceptibility blown
from the loess source areas. The second, the most commonly accepted pe-
dogenic alternative to the dilution mechanism, involves the in situ inorganic
or biogenic formation of ultrafine ferrimagnetic minerals.
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