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SUMMARY

Loess-palaeosol deposits in the lower Danube area represent the southeastern edge of the loess
cover in Europe. Detailed rock magnetic investigations of the loess/palacosol sequence in
Viatovo in NE Bulgaria reveal that magnetite and maghemite of very fine superparamagnetic
grain size are responsible for the magnetic enhancement of palaeosol units. A detailed palaeo-
climatic record is obtained through high-resolution measurements of magnetic susceptibility,
frequency dependent magnetic susceptibility and CaCOj; content. Magnetic proxies indicate a
more warm and humid climate during the development of the older palacosol units (S4—S¢).
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1 INTRODUCTION

The widespread loess-palacosol sequences in the temperate climatic
belt are amongst the most important geological terrestrial palacocli-
matic records. They consist of alternating loess and palaeosol hori-
zons, corresponding, respectively, to cold glacial and warm inter-
glacial conditions. Establishing chronologies of loess sequences and
their stratigraphic correlation with deep-sea sediments are, there-
fore, important topics for reconstruction of the Earth’s history dur-
ing the Quaternary (Maher & Thompson 1992; Maher et al. 1994;
Heller and Evans 1995; Ding et al. 2002; Sun & An 2004). In the
absence of unambiguous biomarkers and difficulties in their dat-
ing, magnetopalaeoclimatology and palacomagnetic dating of loess
sediments are important tools for establishing the loess stratigraphy
and for environmental reconstructions.

The palaeoclimatic significance of the magnetic climate prox-
ies (e.g. magnetic susceptibility, anhysteretic remanence, various
ratios of magnetic parameters) have been discussed in the context
of the role of dust sources, climate, and other time-related factors
for the magnetic enhancement of palaeosol units (e.g. Maher 1998;
Harrison et al. 2001; Liu et al. 2004; Deng et al. 2005; Qiu et al.
2005). To better understand the role of global, regional and local
palaeoenvironmental conditions leading to the formation and prop-
erties of the loess-palacosol deposits, data from different geograph-
ical areas are needed. Studies of loess sediments from the lower
Danube area may contribute to deciphering the global picture of
palaeoclimatic conditions during the Quaternary. The main goal of
the present study is to reveal regional palaeoclimate development in
southeastern Europe.

2 GEOLOGICAL DESCRIPTION

The Viatovo section is located in Northeastern Bulgaria, at the south-
ern edge of the Danube plain, about 30 km southeast of Russe
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(Fig. 1), at an altitude of 200-230 m above sea level. Loess de-
posits and underlying red clays rest on the Pliocene denudation
surface (PDS), developed in karstic Lower Cretaceous limestones
with palaeokarsts that are infilled with kaolin (Evlogiev 1993). The
Viatovo section is exposed in a quarry that was opened for extraction
of kaolin. The complete sedimentary sequence on the PDS above
the kaolinitic level is represented in this region by red clays and
a loess/palacosol sequence consisting of eight loess horizons and
seven palaeosols (Evlogiev 2006). However, loess accumulation in
the area south of Russe (e.g. Viatovo quarry) was relatively weak
and resulted in deposits of reduced thickness and higher degree of
pedogenic alterations compared to loess/palacosol deposits situated
close to the Danube river (Jordanova & Petersen 1999a,b). This is
the reason why only six palacosols and seven loess horizons are
discriminated at Viatovo.

3 SAMPLING AND METHODS

The complete loess/palacosol sequence at Viatovo has been sampled
in four non-overlapping sections, following the natural boundaries
between loesses and palaeosols. Section 1 includes: topsoil Sy, first
loess unit Ly, first palacosol unit S; and units L,, S, and L. Sec-
tion 2 covers palaeosol units S; and S, with a thin CaCOj; layer in
between (probably the remnant of L), units Ls, Ss and L¢. Section
3 is represented by palacosol S¢ and the underlying loess unit L.
The fourth section cuts 5.60 m through the red clays, down to the
kaolin level. The total thickness of the complete composite section is
27 m.

To establish a high-resolution magnetic susceptibility stratigra-
phy, 540 loose samples were taken at a sampling interval of 5 cm.
Some of the samples collected at 10 cm intervals were used
for geochemical analyses—organic content, total CaCO; content
and grain size analysis. Rock magnetic investigations including
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Figure 1. Location of the Viatovo section, and the other studied loess-palaecosol sections in the region.

thermomagnetic analysis of magnetic susceptibility and hysteresis
measurements were carried out on loose samples.

Hysteresis measurements of 35 loose samples, from representa-
tive levels of the profile, and thermal M(T) analysis were performed
in a Variable Field Translation Balance (VFTB) in a maximum field
of 500 mT. Bulk and frequency-dependent low field magnetic sus-
ceptibility of the loose samples was measured using a Bartington
MS2 magnetic susceptibility meter. Another set of hysteresis mea-
surements was carried out in a translation inductometer in a maxi-
mum field of 1 T. High-temperature susceptibility behaviour [K(7)]
was studied using the CS-3 oven of a KLY-3 Kappabridge for iden-
tification of the magnetic mineralogy.

Four magnetically enriched separates of two samples from S,
and L, were prepared using a Frantz Isodynamic separator at cur-
rents of 0.1 A (~0.15 T field) (strongly magnetic fractions SM) and
1.0 A [weak magnetic fractions WM (~1 T field)] for Mdssbauer
spectroscopy carried out in the Department of Subatomic and
Radiation Physics at the University of Gent.

Geochemical analyses were carried out on 124 loose samples.
Grain size analysis was done using the areometer method. The total
carbon content was determined in a ‘Shaibler’ apparatus, which
operates on the basis of the detection of released CO, upon reaction
of the sample with HCI. The organic content was determined by the
method of Turin (1937).

4 EXPERIMENTAL RESULTS
4.1 Magnetic susceptibility, frequency dependence of
susceptibility and geochemical analyses

A high-resolution (5 cm interval) low-field bulk magnetic suscep-
tibility profile was obtained for the Viatovo section. Variations of
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mass-specific magnetic susceptibility () along the profile (Fig. 2)
discriminate the magnetically enhanced palacosol horizons from
the underlying parent loesses. The first three palacosol units—S;,
S, and S;—are characterized by as much as five times higher maxi-
mum y values, in comparison with the less-weathered loess. Bellow
Ls, the magnetic susceptibility contrast between the soil and loess
layers is reduced, suggesting that pedogenesis has also affected the
loess layers. Well-expressed susceptibility variations in the red clays
(21-27 m depth) suggest that they also probably represent a pedo-
complex of superimposed palacosols. The same conclusions can be
drawn on the basis of the per cent frequency dependent magnetic
susceptibility [y pp per cent = (xLr — xur) X 100/x¢], used as
an indicator for the presence of ultrafine superparamagnetic (SP)
grains (Maher 1986; Heller ef al. 1991; Forster ef al. 1994; Dearing
et al. 1997). Relatively high values, up to 12 per cent, are observed
in the palaeosol units and the red clay. The presence of significant
secondary magnetic enhancement can be deduced from the high
X rp per cent values in the first loess unit L, as well as in units Ls,
L, and L, (Fig. 2).

Grain size analysis, calcium carbonate content (CaCOj3) and or-
ganic content determinations were made on 124 samples. The most
clearly expressed differences among the values of the measured pa-
rameters for loess and palacosol samples are found for the CaCO;
content. It reaches values >20 per cent in the loess units, show-
ing an inverse relationship with magnetic susceptibility (Fig. 2).
Organic content (humus) varies from 0.1 to 0.88 per cent with max-
imum values attained in the topsoil. Organic content may be influ-
enced by other factors (e.g. bioturbation, destruction with age) which
blur the significance of this parameter as a proxy for the past envi-
ronment. Clay content, determined here as d < 0.005 mm accord-
ing to the Bulgarian national standard, does not vary significantly.
The mean clay content, both in loess and soil horizons, is around
30 per cent. Exceptions are loess units L, and Ls, where lower
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Figure 2. Depth variations of low-field magnetic susceptibility, per cent frequency dependent susceptibility, humus, calcium carbonate (CaCO3) and clay

content at Viatovo.

values are observed. The observed small differences in clay content
are probably a manifestation of the enhanced weathering and pedo-
genesis, even during the glacials, particularly in the lower part of
the section.

Frequency-dependent susceptibility measurements were further
used to infer the background susceptibility values using the ap-
proach of Forster ef al. (1994. In contrast to previous studies, the
background susceptibilities were calculated for each unit separately
and compared to the value obtained by using the whole data set. This
approach was chosen based on the assumption that the grain size of
the dust source material also changes according to climate, which
would result in different background susceptibilities in the different
units. The reliability of the calculated background susceptibility val-
ues for each unit x,, was evaluated by the R? of the regression line
(Table 1). Fig. 3 shows the link between the calculated yp, and the
corresponding minimum susceptibility measured for each loess unit
and the maximum susceptibility for each palacosol unit. Three dif-
ferent linear relationships between the calculated background sus-
ceptibilities and the corresponding minimum/maximum enhance-
ment of loess/palaeosol units are observed, dividing the palaeosols
from the upper part of the section (S, S, and S3) from the older (S4—
Se) plus So and red clays. Loesses except L; form separate group.
Further insight into the origin of magnetic enhancement is obtained
by the relationship between magnetic susceptibility, its frequency
dependent component and the relative contribution of the clay frac-
tion, determined from the grain size analysis. A positive correla-
tion is observed between low-field susceptibility (x rr), frequency
dependent susceptibility (x gp) and the fine fraction (d < 5 um)
(Fig. 4).

Table 1. Calculated background susceptibilities (x vg) separately for each
loess and palaeosol unit (first column) with its coefficient of determination
R? (second column) and the absolute values of the maximum () max) sus-
ceptibility of palaeosol units or minimum (x min) susceptibility of loess units
(third column).

Unit X bg (1()_8 m3 kgfl) R? X max SO1l/X min loess
(1078 m3 kg™ 1)

So 29.0 0.975 103.9

L, 25.8 0.849 323

S 14.1 0.919 127.6

L, 22.6 0.900 25.2

S> 18.6 0.826 134.3

L; 34 0.958 322

S3 22.7 0.900 140.7

Sy 215 0.963 80.6

Ls 19.1 0.915 17.3

Ss 14.0 0.775 83.1

L¢ 29.1 0.854 43.6

Ss 25.3 0.801 109.0

Ly 16.0 0.957 22.9

Red clay 1 11.8 0.825 69.2

Red clay 2 7.6 0.878 38.9
Whole profile 15.8 0.940

4.2 Magnetic mineralogy

Thermomagnetic analyses of susceptibility (K) and induced mag-
netization (M;) with increasing temperature up to 700 °C (in air)
were carried out for identification of the main ferrimagnetic phases
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Figure 3. Relationship between the calculated background magnetic sus-
ceptibilities () bg) in different loess and soil units of the Viatovo section and
the corresponding minimum (for loesses) and maximum (for palaeosols)
susceptibility values found within the separate units. The abbreviations rcl
and rc2 refer to the two red clay units, which can be discriminated by their
susceptibilities (see Fig. 2).

present in the loess/soil sediments of the Viatovo section. Represen-
tative examples of the thermal behaviour of magnetic susceptibility,
K(T) are shown in Fig. 5a. All the samples exhibit similar K(T')
curves, characterized by an initial smooth increase up to 200 °C,
followed by a gradual decrease that is interrupted by a slight in-
crease at 300-310 °C (which is more pronounced for the loess sam-
ples). The final Curie temperature (7.) of 580 °C and occasionally
a small fraction with 7', ~ 620 °C (not in the examples illustrated)
are typical for all the heating curves. The cooling curve was always
above the heating curve, suggesting the production of ferrimagnetic
material during heating (Fig. 5a).

Thermomagnetic analysis of induced magnetization (M;) of
the loess (weakly magnetic) and soil (strongly magnetic) sam-
ples were obtained in different inducing fields of, respectively,
45 and 21 mT, corresponding to the maximum fields that could
be attained in the two VFTBs used for the measurements. Gen-
erally, two types of M;(T) curves occur: (1) In the case of soil
samples, where a higher inducing field (45 mT) was applied, a
gradual decrease from room temperature up to 200 °C is evident,
followed by a steeper, almost linear decrease up to 600 °C. The
cooling curve is almost linear, showing either increase or decrease
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of'the M; value at 80 °C (Fig. 5b). (2) Loess samples, measured in a
lower field of 21 mT show a clear convex shape of the heating curve
with a smooth decrease from 200 °C up to a final 7. of 600 °C
(Fig. 5b). All the loess samples exhibit an increase of M; on
cooling.

Additionally, thermal behaviour of magnetic susceptibility, K(7),
of magnetic separates [strongly magnetic (SM) and weakly magnetic
(WM) fractions] and bulk material from the S;/L, palacosol/loess
couplet was monitored (Fig. 6). The K(7T') curves of the bulk soil
sample (Fig. 6a) indicates a final 7' of 580 °C on the heating curve
and subsequently a strong increase of susceptibility on cooling. This
increase is caused by thermal transformations as seen in the K(7)
behaviour of its WM fraction (Fig. 6e). The SM fractions show
evidence of 7'¢; of 600 °C, which are also preserved in the cooling
curves (Figs 6¢ and d). The K(T) curve of the bulk material of
loess sample L, exhibits the same shape as that of all other loess
samples subjected to K(7T') experiment (Fig. 6b). The SM fraction
of L, shows similar behaviour to the SM fraction of S;. The only
difference is that the effect of initial (up to 200 °C) K-increase is
more pronounced. Similar to the case for SM fraction of Sy, 7'¢s of
580 and 600 °C are evident.

Mossbauer absorption spectra at room temperature (RT) for the
strongly magnetic (SM) and weakly magnetic (WM) fractions of the
S1/L; couplet were obtained using a >’ Co source. Results are given
in Table 2 and the absorption spectra for L, are shown in Fig. 7.
The data presented in Table 2 suggest that both loess unit L, and the
palaeosol S; have a similar magnetic mineralogy, with magnetite,
oxidized magnetite and hematite being the principal magnetic min-
erals. The presence of maghemite was revealed in the strong mag-
netic fraction of S| but not in L,

4.3 Magnetic grain size

Hysteresis parameters of 36 samples from all the units were ob-
tained measuring hysteresis loops in two VFTB instruments with
maximum applied fields of 200 and 500 mT. Although such fields
can only saturate the magnetically soft fraction (e.g. magnetite),
coercivity variations [coercive force (B.) and coercivity of rema-
nence (B.)] show a good relationship with the lithology with
higher values in the loess units (mainly in the upper part of
the complex) and lower values in the palacosol units (Fig. 8).
Older loess horizons are obviously significantly influenced by sec-
ondary pedogenic (weathering) processes, resulting in lower coer-
civities due to the presence of pedogenic ultrafine magnetite grains.
Concentration-dependent saturation magnetization (M) and satu-
ration remanence (M ) exhibit systematically higher values in the
palaeosols.
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Figure 4. (a) Low field magnetic susceptibility (x rr) as a function of the fine (clay) fraction d < 5 um; (b) Frequency dependent susceptibility (x rp) as a
function of the fine (clay) fraction d < 5 um and (c) (x ¥p) as a function of the low field ( Lr) magnetic susceptibility.
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Figure 5. Thermomagnetic analysis: (a) examples of typical Kappa (7))
curves obtained in an Ar atmosphere; (b) examples of M(T) analysis in air.
Heating curves denoted by solid circles, cooling curves—by thin line.

5 DISCUSSION

5.1 Magnetic mineralogy

The magnetic mineralogy of loess/palacosol sediments has received
considerable attention (Maher & Thompson 1992; Eyre & Shaw
1994; Heller & Evans 1995; Deng et al. 2004; Liu et al. 2004;
Chen et al. 2005). The origin of the magnetic carriers in loesses and
palaeosols is of major importance for the palacoclimatic interpre-
tation of loess magnetic properties and for magnetostratigraphical
results (for a review, see Heller & Evans 1995).

Strong evidence for the dominant role of magnetite in the de-
termination of K(7') behaviour is the observed 7. of 580 °C in all

the samples studied. Mineral transformations during heating above
300 °C, as can be seen in Fig. 6a, result in complex K(7') behaviour,
which may reflect Fe;O,4 formation, detected in the heating curves.
The shape and behaviour of induced magnetization curves [M;(7)]
with increasing temperature (Fig. 5b) does not indicate any appear-
ance of a new magnetic phase during heating. This apparent contra-
diction can be explained by the very different heating rates used in
the two experiments. A single M;(T) heating/cooling cycle is com-
pleted in about 25-30 min, or a rate of ~45 °C min~!, while K(7)
curves were measured at a heating rate of 12 °C min~'. All the K(7)
and M;(T) runs suggest similar magnetic mineralogy of the loess
and palacosol units, dominated by magnetite. Some degree of low-
temperature oxidation (maghemitization) can be deduced from the
relatively higher 7'.’s of 600-620 °C on M;(T') curves (Fig. 5b) and
K(T) behaviour of strongly magnetic fractions of the samples from
Si/L, couplet (Fig. 6), as shown also by the data from Mdssbauer
spectroscopy (Table 2). Hematite, detected by the latter method, does
not make a significant contribution to the magnetic signal evidenced
neither by the Kappa (T), nor by the M;(T) experiments. Reasons
for this may be its weak saturation magnetization (O’Reilly 1984;
Dunlop & Ozdemir 1997) and perhaps also its poor crystallinity.
Several possible causes for the increase in K after heating can be
considered:

(i) Thermal transformation of ferrihydrite to Fe;O4/y—Fe,03
in the presence of organic matter (Cornell & Schwertmann 1996;
Campbell et al. 1997).

(i1) Formation of Fe;04 due to the thermal destruction of param-
agnetic minerals (e.g. phyllosilicates, lepidocrocite), which results
in liberation of Fe’* ions from their crystal lattices (Ozdemir &
Dunlop 1993; Gehring & Hofmeister 1994; Murad & Wagner 1998).

(iii) Reduction of weakly magnetic antiferromagnetic phases
present («¢-Fe,03) to Fe304 (Cornell & Schwertmann 1996; Mullins
1977).

The observed magnetic susceptibility changes are most pro-
nounced in the loess samples compared to the soil samples, suggest-
ing that the possible source (among those, listed above), and/or the
most favourable micro-environmental conditions, should be inher-
ent to the parent material. Subsequent pedogenic processes would
only bring about relative changes in the proportion of the newly
created magnetic phase to the total signal or reaction conditions.
Significant pedogenic alterations of the loess units in the Viatovo
section, as deduced from the high values of x gp per cent (Fig. 2),
suggest that even less intense pedogenesis (e.g. in loesses) may lead
to an increased amount of magnetic minerals, which transform into
strongly magnetic Fe;O4 upon heating to temperatures higher than
300 °C.

A more straightforward interpretation of the experimental results
is provided by the results from the thermomagnetic analysis of mag-
netic susceptibility of the S;/L, couplet carried out on strongly
magnetic (SM) and weakly magnetic (WM) fractions. As seen from
Fig. 6, the significant increase of susceptibility in soil samples is due
to thermal transformations in the WM fraction. It is characterized by
significantly higher amounts of paramagnetic or superparamagnetic
minerals at room temperature, as can be judged from the higher
relative areas (RA per cent) of the doublets in the Mdssbauer spec-
tra, assigned to Fe’* and Fe?* in silicates and Fe-oxyhydroxides
(Table 2). Mineralogical studies of Bulgarian loess (Minkov 1968)
showed that the main phyllosilicate is illite in the loess and mont-
morillonite in the palacosols. The SM fraction of soil unit S; shows
a decrease after heating, probably as a result of oxidation of the
magnetite phase to hematite or to progressive maghemitization.
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Figure 6. Thermomagnetic analyses of magnetic susceptibility K(7T') for the S;/L, couplet: (a) bulk material of S, (b) bulk material of L, (c) strongly
magnetic (SM) fraction of Sy, (d) strongly magnetic (SM) fraction of L5, (e) weakly magnetic (WM) fraction of S| and (f) weakly magnetic (WM) fraction of
L,. Susceptibility is normalized to the initial value at room temperature (RT). Heating curves denoted by solid circles, cooling curves by thin lines.

Table 2. Results from the Mdssbauer analysis of SM and WM fractions of samples from the S/L, couplet—measurements at room temperature (RT).

Sample Palaeosol S Loess Ly
Hye (T) 2s0or A (mms ') 8p (mms~') RA (per cent) Assignment Hyps(T) 2sor A(mms ') 8g (mms~') RA (per cent)
SM 51.2 —0.19 0.37 18 Hematite WF 51.4 —0.17 0.37 15
48.9 0 0.29 19 Magnetite Fe>* 49.1 0 0.27 29
46.0 0 0.61 9 Magnetite Fe?>+ 458 0 0.64 26
40.0 0 0.34 11 Maghemite - - — -
- 0.71 0.38 18 Silicate Fe** and Fe-oxide - 0.66 0.24 13
- 0.72 0.93 12 Silicate Fe"*? - 0.69 0.95 10
- 2.53 1.05 7 Silicate Fe?* - 2.36 1.24 3
- 3.54 1.18 7 Garnet - 3.52 1.30 5
WM 50.0 —0.19 0.37 10 Hematite WF —0.20 0.37 7
- 0.77 0.32 43 Silicate Fe>* and Fe-oxide 0.80 0.34 46
- 1.16 0.78 12 Silicate Fe™? 1.19 0.74 10
- 2.70 1.09 25 Silicate Fe** 2.67 1.10 31
- 3.61 1.25 10 Garnet 3.61 1.25 6
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Figure 7. Room temperature (RT) Mssbauer spectra of a sample from loess unit L, (a) SM fraction and (b) WM fraction.

Therefore, several transformations can take place during heating
to moderate temperatures in loess and soil samples:

(1) Dehydroxylation (loss of structural hydroxyl) at 300 °C, ac-
companied by oxidation of structural Fe?>* to Fe3*, as confirmed by
Mossbauer spectroscopy of illite (Murad & Wagner 1998), parallel-
ing the first colour changes from yellowish towards reddish-brown.

(2) Combustion of humic and fulvic acids, taking place in the
interval 300-550 °C (Weaver 1989).

(3) Thermal transformation of 6-line ferrihydrite to mag-
netite/maghemite in the presence of reductants (e.g. carbon source)
upon heating above 300 °C (Campbell ez al. 1997). The latter has
been observed both in air and N,-atmospheres for a 1-20 per cent
weight content of charcoal or glucose. In the absence of reductants,
the direct transformation ferrihydrite—hematite is observed.

(4) Transformations of ferrimagnetic phases, initially present in
the material like partial (surface) oxidation, crystal growth, release
of internal stress (Van Velzen & Dekkers 1999).

A likely hypothesis in weathering environments is the formation
of ferrihydrite, as it forms by rapid hydrolysis of an Fe3* salt solution

in the presence of small amounts of'silicate (Cornell & Schwertmann
1996). The same reactions characterize the processes of chemical
weathering and formation of clay minerals (Weaver 1989), during
the formation of primary loess dust material. The presence of fer-
rihydrite is difficult to confirm because of its very small grain size
(3-5nm) and poor crystallinity (Vandenberghe er al. 1990;
Goodman 1994; Murad 1998). As a metastable phase, 2-line ferrihy-
drite transforms to goethite or hematite, depending on temperature,
pH, water activity and foreign compounds (Cornell & Schwertmann
1996). Its essential preservation in loess is favoured by the retard-
ing role of organic ligands and Si in solution. On the other hand,
favourable conditions for magnetite/maghemite synthesis, with fer-
rihydrite as a precursor, occur during pedogenesis (Schwertmann
1988; Maher 1998). As a result, the initial ferrihydrite quantity is
consumed during the process of magnetite/ maghemite authigene-
sis. Laboratory heatings of loess and soil samples result generally
in a significant increase of magnetic susceptibility at 300 °C in
loesses but only a small increase in palaeosols, that will become
more pronounced at higher temperatures (7 > 450 °C). A possible
explanation, therefore, is that the ferrihydrite—magnetite/maghemite
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Figure 8. Variations of the coercivity parameters B and B, saturation magnetization (M s) and saturation remanence (M s) with depth in the Viatovo section.

transformation takes place in weathered loess samples because of
the presence of some organic material (Campbell et al. 1997), as is
suggested also by the observed variations in humus content in the
Viatovo section (Fig. 2). As was experimentally observed (Campbell
et al. 1997), the ferrihydrite—-magnetite/maghemite transformation,
starting at 300 °C, is probably related to the temperature at which
humus combustion starts.

The reactions described above depend also on the duration ofheat-
ing (Cornell & Schwertmann 1996), which explains the observed
differences in relative changes in the magnetic parameters Mi and
magnetic susceptibility, being most pronounced after longer heating
times.

5.2 Palaeoenvironmental reconstructions

Thermomagnetic analyses suggest that variations of magnetic sus-
ceptibility x along the Viatovo profile are mainly controlled by
concentration changes of the strongly magnetic fraction. The ob-
served clear contrast between the loess and palaeosol units (Fig. 2)
is similar to the one observed in other loess/palacosol sequences in
China, Central Asia and Europe (Maher & Thompson 1995; Oches
& Banerjee 1996; Forster & Heller 1997). Site-specific peculiarities
in concentration and grain size variations can give valuable infor-
mation about the role of local climate conditions, relief, vegetation,
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parent material, as far as these factors determine soil formation
(Jenny 1941). The presence of authigenic ultrafine SP magnetites as
aresult of pedogenesis (Zhou et al. 1990; Maher & Thompson 1992)
can be easily identified by measuring the frequency-dependent mag-
netic susceptibility x pp per cent (Maher 1988; Heller et al. 1991;
Dearing et al. 1997). As shown in Fig. 2, all the palaeosol units are
characterized by high x rp per cent values, up to 12 per cent, point-
ing to a significant SP fraction as high as 80 per cent, according to
the phenomenological model of Dearing et al. (1997). A relatively
high content of SP Fe;O4 grains can also be assumed for loess units
Ly, L3, Lg, L7, as x pp per cent reaches here values of 89 per cent
(Fig. 2). The presence of pedogenic, magnetically soft grains in
the SP and viscous SP/SD state in loesses is also supported by
the relatively low coercivity (B, and B) values in these units
(Fig. 8), comparable to the palaeosols. The high x rp per cent values
in the red clays may reflect the presence of SP hematite grains with
high Al-substitution (Wells ez al. 1999), which is a common phe-
nomenon for weathering environments (Schwertmann 1988; Cornell
& Schwertmann 1996). The question remains whether the magnetic
enhancement of the loess units containing SP grains is caused by
secondary alteration of the dust material as a result of pedogenesis,
or by weathering of the primary detrital fraction in the source area.
Fig. 3 shows the dependence between the calculated background sus-
ceptibility () pg) per unit and the corresponding maximum (X max) OF
minimum (X min) susceptibility values. An exception is loess unit L;
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(Fig. 3), which shows a very low x, together with relatively high
X min Values among loess units. The latter is probably an indication
that the whole thickness of this loess unit was significantly influ-
enced by secondary pedogenic alteration, after deposition. On the
other hand, the rest of the loess units (with the possible exception
of L) follow the well-determined linear trend (Fig. 3). This can
be explained in terms of a varying content and grain size of ‘pri-
mary’ windblown (detrital) ferrimagnetic grains within the loess
units. The distribution of the data points for soil horizons in Fig.
3 follow a less consistent trend, which can be explained by several
possible factors. The major factor is the soil type, reflecting certain
combinations of pedoenvironmental conditions (temperature, mois-
ture, pH, illuviation, etc.) (Jenny 1941). The first three palaeosols,
Si, S, and S3, which are considered to be of Chernozem type, log-
ically form a single trend line, in contrast to the older palacosols
(S4, S5 and S¢), which are reddish in colour and display features
of forest soils. However, another factor that may explain the de-
viations is erosion of the uppermost soil levels, where the highest
magnetic enhancement occurs. This supposition confirms the field
observations that Sy is very thin Chernozem-like soil (the main soil
type for the topsoil in the area), while S, and S; form a pedocom-
plex with only a thin CaCOj layer in between. Consequently, there
is a high probability that the upper part of S, has been truncated.
Further correlation of susceptibility records from other locations in
North Bulgaria (see bellow) supports this interpretation. The domi-
nant role of the fine grained magnetic fraction in the total magnetic
enhancement is demonstrated by the positive relationship between
low field susceptibility, frequency dependent susceptibility and the
proportion of the fine fraction determined by grain size analysis
(Fig. 4).

Palaeoenvironmental changes during the Brunhes chron influ-
enced both rock-magnetic and geochemical characteristics (e.g.
CaCOs, organic content) as is seen from their correspondence with
lithologic boundaries (Fig. 2). According to earlier studies on Bul-
garian loess (Minkov 1968; Stoilov 1984) carbonates are inherent
to the primary dust material, while the observed stratigraphic vari-
ations are mainly due to secondary redistribution as a result of pe-
dogenesis. Meteoric precipitation is very probably the main cause
of the redistribution of the calcium carbonate (Jenny 1941; Weaver
1989; Fang et al. 1999). The observed increase in CaCO; content
towards the top of each of the palaeosols S;, S,, S; and S5 (Fig. 2)
is probably the result of secondary carbonate precipitation from the
overlying accumulated loesses. For palaeosols S, and Ss, this as-
sumption is supported also by the fact that the overlying loess units,
L, and Ls, respectively, are characterized by a relative decrease of
the clay fraction (d < 0.005 mm) (Fig. 2), which promotes carbonate
leaching down the profile due to water infiltration. From the palaeo-
climatic point of view, this suggests that the closing of the warm
stages, responsible for the development of palacosols Sy, S,, S; and
Ss were characterized by an increase in mean precipitation. The
situation for palaeosol S¢ (Fig. 2) is different. The higher CaCO;
content throughout the solum suggests a relatively dry climate pre-
vailing during the formation of S¢. The presence of secondary (ne-
oformed) carbonates in the A horizons of palaeosols in the Viatovo
section has also been observed in similar loess/palaeosol sections in
the Ukraine (Tsatskin et al. 1998). The inverse correlation between
magnetic susceptibility (x) and CaCOs5 (Fig. 2) cannot entirely ac-
count for the magnetic enhancement of the palacosol horizons. As
in loess/palaeosol sections in China (Hus & Han 1992; Zhengtang
et al. 1993; Feng & Johnson 1995), the diamagnetic contribution of
CaCOjs to the dilution of magnetic signal can only account for be-
tween 7 and 25 per cent. The relatively high degree of pedogenesis

and weathering in the Viatovo section is probably the reason for the
observed small variations in the clay content (Fig. 2). The latter is
also evident from the high xgp per cent, which shows low values
(e.g. low pedogenic alteration) only in loess units L, and Ls.

The magnetic susceptibility signature of the loess-palacosol se-
quence of North Bulgaria was compared with the astronomically
tuned marine oxygen isotope records (Shackleton & Hall 1989;
Shackleton et al. 1990) in order to check the potential of the
Viatovo section to reflect global and/or regional palaecoclimate
(Fig. 9). In a previous study (Jordanova & Petersen 1999), S; was
matched to stage 5 of the §'%0 record. Comparison of the magnetic
record of the Viatovo section with other loess/palacosol records
from North Bulgaria (Koriten and Lubenovo, Fig. 9) gives a wider
view of the Quaternary climate of the region. A thin loess layer in
the thick last interglacial palaeosol complex in the Lubenovo record
has been detected (Fig. 9). The very close similarity of all the details
of the magnetic susceptibility variations of the three profiles is strik-
ing. The incipient palacosol in unit L, is clearly indicated, although
the absolute values of susceptibility variations are small. A similar
pattern is observed in susceptibility records from loess-palacosol
sequences in Northwestern Bulgaria and the Black Sea (Avramov
et al. 2006). Magnetic susceptibility behaviour along 21-m-thick
loess palaeosol section Mostistea in Romania (Panaiotu et al. 2001)
shows analogous picture, going to even small details like the exact
correspondence of the signal through L,—S, sequence. The above
mentioned sites in Bulgaria and Romania are located at different
landscapes along a W-E transect of about 600 km length. Conse-
quently, the major switches in palacoclimate during the Quaternary
are characterized by uniformity of subsequently occurring events,
which differ only in their relative intensity. The latter is revealed by
significant differences in the degree of relative magnetic susceptibil-
ity enhancement of the corresponding palaeosol horizons (Fig. 9).
The highest contrast between loess and palaeosol units is observed
for the Koriten record, where loess susceptibility is lower than that
of'the other two records, Viatovo and Lubenovo. It is noteworthy that
the latter sections are situated on the Pliocene Denudation Surface
(PDS), at an altitude of 165-220 m above sea level in Viatovo in
NE Bulgaria and at 242 m in Lubenovo in Central North Bulgaria,
higher than the altitude of 70—110m above sea level at Koriten on
the Old Abrasive-Accumulative Level (OAAL) surface (Evlogiev
1993). This difference in altitude may be one of the reasons for
the observed variations in loess magnetic susceptibility, as finer and
lighter dust material will settle on more elevated terrain, while de-
trital ferrimagnetic grains are heavier than the silicates of the same
size. The role of changing environmental conditions in the source
areas due to climate variability during glacial times (Harrison et al.
2001) is another possible explanation for quite different background
susceptibilities for the different loess horizons (Table 1 and Fig. 3).
Differences in the background susceptibility depend also on the de-
gree of post-depositional weathering (e.g. on climate conditions),
which obviously is quite significant for the loess layers L; and L
at Viatovo, taking into account that data points for the two horizons
deviate from the obtained positive relationship between x ,, and the
minimum y in Fig. 3.

CONCLUSIONS

(1) Theloess/palaeosol sequence in Viatovo (North Bulgaria) ex-
perienced significant pedogenic alteration, resulting in high amounts
of ultrafine grained SP, viscous SP/SD and PSD authigenic mag-
netite (maghemite) grains in palacosols but also in older loess hori-
Zons.

© 2007 The Authors, GJI, 171, 1036-1047
Journal compilation © 2007 RAS



= 5150 E]
4 [*% te PDB] & 3 (x10E-i ming)
oo a0 20 30 E‘q.u 04 s 12
ron D9 P I (N T

m o S0
o1 ] 4 -

1 = e
8 -

Palaeoclimatic implications of the magnetic record 1045

]
L (x10E-6 m3/kyg) X ix 10E-i w3 gn
3‘0.0 4 08 12 3.00

0.4
::: I

|

OLF are 67 7

10

3
]

Kk |

0

L)

-,
-

)

*

v,
£

()

(X

Figure 9. Correlation of the magnetic susceptibility of three loess/palaeosol sequences in Lubenovo (unpublished results), Viatovo and Koriten in Northern
Bulgaria (see Fig. 1 for the locations) with the astronomically tuned 8'3O record from ODP site 677 of Shackleton and Hall (1989).

(2) Variations of low-field magnetic susceptibility, inversely re-
lated to the CaCOj5 content, along the loess-palacosol sequence in
Viatovo reflect changes in palaeoclimatic conditions during the Qua-
ternary.

(3) Differences in the behaviour of magnetic susceptibility and
induced magnetization in stronger fields of loess and palacosol sam-
ples during heating are probably caused by the presence or absence
of ferrihydrite and reductants in the material.

(4) Thereis aremarkable similarity of the magnetic susceptibility
signatures of three complete loess/palacosol sequences along a W—
E transect in North Bulgaria, consistent also with the published data
for other loess-palacosol sections in the area. Differences in the
relative magnetic enhancement of palaeosol units of the same age
suggest differences in palacoclimatic conditions at a regional scale.
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