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S U M M A R Y
The Lower Danube Basin is one of the most important loess regions from Europe, which have
provided excellent archives for long-term high-resolution palaeoclimate studies. The aim of
this paper is to derive new information on the Middle–Late Pleistocene palaeoenvironment
from a high resolution multiproxy assessment of the iron mineralogical composition at the
Costineşti loess-palaeosol sequence located on the western Black Sea shore. It is the eastern-
most loess section in the Romanian loess region studied and its distinct pattern of the proxy
records can be used to correlate the lower Danube loess to other key sites of the Moldavia
and Ukraine loess regions. To investigate the climatic control on soft and hard ferromag-
netic minerals we used several types of rock magnetic properties: magnetic susceptibility and
its frequency dependence, anhysteretic remanent magnetization, isothermal remanent mag-
netization, hysteresis properties and FORC distributions, an unmixing model for isothermal
remanent magnetization curves and high field (up to 8 T) isothermal remanence measurements.
Our results show that the palaeosol horizons, formed during interglacials and climatically more
favored periods of the Pleistocene, experienced pedogenic alteration, resulting in high amounts
of superparamagnetic, single domain and pseudosingle domain magnetite/maghemite grains
and hematite. The loess layers, formed during glacial periods, are mainly dominated by mul-
tidomain and/or pseudosingle domain oxidized magnetite and some hematite, all probably
of aeolian origin. Goethite contribution is probably minor and constant both in loess and
palaeosol horizons. We review the correlation of the loess sections from the lower Danube
basin concluding that the new results can be interpreted as a support for the transition of a
Mediterranean type climate to a steppe type climate in the last two interglacial periods in the
western Black Sea. Because the pattern of magnetic susceptibility data from the lower Danube
basin is changing relative fast with distance from the Black Sea shore, it probably reflects the
local influence of the Black Sea on continental scale climatic oscillations during the last 600 ka.
The values of background magnetic susceptibility of the Romanian loess-palaeosol sections
indicate that the main source area of the dust changed during this climatic transition. Our
analysis also shows that the age of the loess-palaeosol sections from the Eastern European low
lands (Moldavia and Ukraine) must be revised to be in agreement with the chronostratigraphy
of the sections from the Lower Danube Basin loess area.
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1 I N T RO D U C T I O N

Southeastern Europe is one of the important European loess ar-
eas (Haase et al. 2007). The Middle and Lower Danube Basins
are among the five important loess areas defined by Smalley et al.
(2009) along the Danube River. In particular, the Lower Danube
Basin loess area is important, because it makes the connection
with the loess areas of the Eastern European lowland (Haase et al.
2007). Palaeoclimatic studies performed on several well-preserved

European loess-palaeosol deposits located along the Danube River
have shown that rock magnetic palaeoenvironmental proxies are
similar to those of the loess sections from the Chinese Loess Plateau
and can be correlated with marine records of global ice volume
(e.g. Fitzsimmons et al. 2012 and references there in; Marković
et al. 2012). Rock magnetic properties of several loess deposits
from Serbia, Bulgaria and Romania revealed magnetite and/or
maghemite as the dominant magnetic carrier of palaeoclimatic in-
formation (e.g. Jordanova & Petersen 1999; Panaiotu et al. 2001;
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Figure 1. Sketch map of the lower Danube basin showing the locations of the loess-palaeosol sections discussed in the text: 1. Costineşti (full circle, Romania);
2. Mircea Vodă (Romania); 3. Koriten (Bulgaria); 4. Primorskoje (Ukraine); 5. Nova Etulyia (Moldavia); 6. Mostiştea (Romania); 7. Viatovo (Bulgaria); 8.
Zimnicea (Romania); 9 Lubenovo (Bulgaria).

Jordanova et al. 2007; Buggle et al. 2009, 2014; Marković et al.
2009, 2011; Necula et al. 2013). Recent studies have shown that
in the Serbian, Bulgarian and Romanian loess-palaeosol deposits
the antiferromagnetic signal is also enhanced in palaeosols prov-
ing that the palaeosols experienced a higher degree of weathering
than loess units (Jordanova et al. 2011; Buggle et al. 2014; Lukic
et al. 2014). However, in the abovementioned studies the Romanian
loess is represented only by one section (Mircea Vodă, Fig. 1) and
the evidence about the presence of hematite and goethite is pri-
marily based on the application of diffuse reflectance spectroscopy
(DRS) and colour determination employing the Munsell color chart
(Buggle et al. 2014).

This study presents the first detailed rock magnetic investigation
of a loess-palaeosol section located on the Romanian shore of the
Black Sea. Our aim was to establish the contribution of both soft
(magnetite/maghemite) and hard (hematite and goethite) magnetic
minerals to the magnetic mineralogy of the bulk samples and to
obtain information concerning the magnetic granulometry using
room-temperature magnetic measurements. In addition, the nearby
Mircea Voda loess-palaeosol section (Buggle et al. 2009; Necula
et al. 2013) was also investigated for antiferromagnetic mineralogy
using magnetic measurements. This will allow the comparison with
the DRS derived antiferromagnetic contribution obtained for this
section by Buggle et al. (2014). These results will provide new
insights about the relationship between iron oxide mineralogy and
palaeoclimate evolution in the Romanian loess. Based on the new
data we propose a new correlation of the Lower Danube Basin loess
deposits.

2 S T U DY A R E A

The studied loess-palaeosol section is located on the Black Sea
shore (43◦57.304′N, 28◦38.428′E; Fig. S1), in the Costineşti village,
about 70 km SE from the Danube river and around 50 km from
the Mircea Vodă loess-palaeosol section (Fig. 1, S5). It contains
five loess layers (L1–L5), the recent soil (S0) and five palaeosols
(S1–S5). The maximum thickness is around 12.5 m. The recent
soil S0 and palaeosols S1 and S2 are steppe soils, whereas S3–S5
are brown-reddish forest soils (Conea 1970). According to Buggle
et al. (2013, 2014) elsewhere in the Dobrogea plateau (the Mircea
Vodă section), the palaeosols S1 and S2 are fossil steppe soils, the
palaeosols S3 and S4 are fossil forest steppe soils and palaeosol S5 is
fossil cambisol. The Quaternary deposit is developed on Sarmatian
limestone (e.g. Constantin et al. 2014). The same sequence of loess
and palaeosols can be followed along the Black Sea shore for 7 km
toward the north, and to the south for more than 3 km, near the
border with Bulgaria. Images of these loess deposits are presented
in the Figs S1–S4. It must be pointed out that in the other locations
below the palaeosol S5 there is thin loess layer (<0.5 m) followed by
a 1.5-m-thick red palaeosol. The same sequence of palaeosols can
be found along the coast towards the south in Bulgaria (Avramov
et al. 2006).

A chronostratigraphy of these deposits was established using
infrared stimulated luminescence (IRSL) on feldspar by Balescu
et al. (2003) and optically stimulated luminescence (OSL) by Con-
stantin et al. (2014). These studies have shown that the first three
loess layers were formed during marine isotope stage (MIS) 2–4, 6
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and 8, and the corresponding palaeosols S1, S2 and S3 during MIS
5, 7 and 9. A magnetic time depth-model based on the correlation
of magnetic susceptibility with the stack of 57 globally distributed
benthic δ18O records (Lisiecki & Raymo 2005) was in agreement
with these luminescence ages and indicated that palaeosols S4 and
S5 can be correlated with MIS 11 and MIS 13–15, respectively
(Constantin et al. 2014).

3 M E T H O D S

The Costineşti sequence was cleaned and sampled at around 5-cm-
interval in plastic bags (245 samples). In the laboratory samples
were packed in 11 cm3 plastic cylinders for bulk magnetic suscep-
tibility measurements. All magnetic measurements were performed
at the Palaeomagnetic Laboratory, University of Bucharest.

Magnetic susceptibility (χ ) was measured using an AGICO
MFK1A Kappabridge (χ lf at 976 Hz and χ hf at 15 616 Hz).
Frequency dependent magnetic susceptibility was defined by χ fd

(per cent) = 100(χ lf − χ hf)/χ lf (Dearing et al. 1996). In order to
compare background magnetic susceptibility values of the Roma-
nian loess-palaeosol sequences, frequency dependence of magnetic
susceptibility of the Costineşti and Mircea Vodă samples was also
measured using a MS2B Bartington Magnetic Susceptibility Sys-
tem (χ lf at 465 Hz and χ hf at 4650 Hz). This was necessary to
avoid the calibration differences between the AGICO Kappabridge
and MS2B Bartington Magnetic Susceptibility System (Sagnotti
et al. 2003; Fukuma & Torii 2011), because the Mostiştea section
was measured using the MS2B Bartington Magnetic Susceptibility
System (Panaiotu et al. 2001).

Anhysteretic remanent magnetization (ARM) was induced using
a Magnon International AF Demagnetizer in a peak alternating
field (AF) of 100 mT and a steady field of 0.05 mT. χARM was
then obtained by dividing the mass-normalized ARM values by the
bias field applied during ARM acquisition. An isothermal remanent
magnetization (IRM2T) was induced using a Magnon International
pulse magnetizer in a field of 2 T. All remanences were measured
using an AGICO JR5 spinner magnetometer.

Backfield remanent moment and direct moment curves were mea-
sured on 132 samples (around 10 cm sampling interval) using a
Vibrating Sample Magnetometer model 3900 (PMC MicroMag).
Samples were first saturated at 1 T and then the field was reversed
and nonlinearly incremented until −1 T in 30 steps. The satura-
tion magnetization (Ms), saturation remanent magnetization (Mrs),
coercive force (Bc) and coercivity of remanence (Bcr) were calcu-
lated after correction for the paramagnetic contribution. The S ratio
was calculated as S = −IRM−300mT/IRM1T (e.g. Verosub & Roberts
1995; Quinton et al. 2011).

To interpret backfield demagnetization curves, we used the IRM
unmixing algorithm of Heslop and Dillon (2007). For this purpose,
the mass-normalized backfield data were rescaled (division by a
factor of 2), reversed and inverted in order to simulate IRM ac-
quisition curves (Heslop & Dillon 2007). The algorithm requires
all backfield acquisition curves to be measured using an identical
sequence of fields. Therefore we used linear interpolation to fix all
the curves to the same sequence of fields. The unmixing algorithm
assumes that all IRM curves can be explained by a linear mixture
of a small number of end-members (EMs). The estimation of the
number of end-EMs included in the unmixing model was based on
the calculation of the coefficient of determination, R2, versus the
number of EMs through principal component analysis (Heslop &
Dillon 2007).

Representative samples of loess and palaeosol horizons were
measured to produce first-order reversal curve (FORC) distribu-
tions. For each sample 111 first-order reversal curves were measured
using a saturating field of 1 T. Both loess and palaeosol samples
were measured with a field increment of 1.73 mT (Bu from −60
to +60 mT) with an averaging time of 2 s. For the strongest mag-
netic palaeosol (S3), we performed a high resolution FORC. The
field increment was 654 µT corresponding to 120 FORCs with Bu

between −10 and +10 mT and Bc between 0 and 50 mT. Aver-
aging time was set to 1s. Drift corrections were performed for all
measurements using the method proposed by Egli (2013). Because
our samples contain SP particles, we subtracted the lower branch of
the hysteresis loop from the FORC curves before processing (Egli
2013). FORC data were processed using the FORCinel package
(Harrison & Feinberg 2008). We used the locally weighted regres-
sion method of Harrison and Feinberg (2008) to process the low
resolution data, while for high resolution measurement we used the
VARIFIROC algorithm of Egli (2013).

We have selected 45 samples from the Costineşti section (around
30 cm sampling interval) and 76 samples from the Mircea Vodă
section (around 30 cm sampling interval) for high field isothermal
remanent magnetization measurements. The sediment was filled
into gel caps (about 0.6 g) and subsequently compressed and fixed
with cotton wool to prevent movement of sediment particles during
the measurements. Each sample was successively magnetized in
three magnetic fields (1 T, 4 T and 8 T) using a MMPM 10 Pulse
Magnetizer (Magnetic Measurements). After each field the samples
were subjected to AF demagnetization with a peak value of 100 mT,
in tumbling specimen mode, using a LDA 3A AF demagnetizer
(AGICO). The remanence was measured with a JR5 spinner mag-
netometer. The AF demagnetization at 100 mT will remove more
than 99 per cent of the signal carried by soft magnetic minerals
(Maher et al. 2004). The remaining magnetization after 100 mT AF
demagnetization (HIRM) can be considered as representing the an-
tiferromagnetic minerals signal of hematite and/or goethite; (Maher
et al. 2004; Deng et al. 2006; Zhao et al. 2013).

Representative samples of loess and palaeosols were subjected to
detailed IRM acquisition measurements. Each sample was magne-
tized in 14 steps applying fields ranging from 0.1 to 8 T. After each
acquisition step, the remanence was measured both before and after
the AF demagnetization at 100 mT.

In addition to magnetic measurements, we also performed grain
size analysis of all Costineşti samples to have supplementary proxies
for pedogenic process and aeolian transport. Before measurements,
the samples were treated with H2O2 for removal of organic matter,
HCl at pH 4 for removal of carbonates and dispersed with hexam-
etaphosphate. The grain size distributions of the treated samples
were measured with a Horiba laser instrument model LA950 at the
Sedimentology Laboratory of the University of Bucharest.

4 R E S U LT S

4.1 Bulk Magnetic properties

All concentration-dependent rock magnetic parameters (χ lf, χARM

and IRM2T) show a strong contrast between loess and palaeosol hori-
zons (Fig. 2). High values of these parameters occur in palaeosol
horizons, whereas loess units are characterized by lower values.
Both the loess and palaeosol horizons have a S ratio greater than
0.9 indicating that the magnetic behaviour is dominated by low
coercivity magnetic minerals like magnetite and/or maghemite
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Figure 2. Magnetic properties of the Costineşti loess-palaeosol deposit as a function of depth. Loess and palaeosol layers are labeld with L and S, respectively.
S ratio (thin grey line) was smoothed using five points adjacent averaging (thick black line). Grey shadings mark palaeosol layers, which can be correlated to the
MIS observed in a stack of 57 globally distributed δ18O records (Lisiecki & Raymo 2005). The stack of 57 globally distributed δ18O records was normalized
to have zero mean and standard deviation of 1. The numbers to the right indicate odd MIS.

(e.g. Thompson & Oldfield 1986; Bloemendal et al. 1992; Liu
et al. 2007a; Heslop 2009). The S ratio shows almost an opposite
behaviour than that of the magnetic susceptibility being generally
high in loess and lower in palaeosol. This suggests that palaeosols
contains a higher amount of anitferomagnetic minerals than loess
layers. Since χARM preferentially responds to single domain (SD)
and small pseudo-single domain (PSD) magnetite (∼0.02–0.06 µm)
(Maher 1988; Maher & Taylor 1988; Evans & Heller 2003), the vari-
ation of χARM suggest that these magnetic grains size fractions are
dominant in palaeosols.

The interparametric ratios like χARM/χLF, χARM/IRM2T,
IRM2T/χLF together with the frequency dependent magnetic sus-
ceptibility (χ fd%) provide further insights into the magnetic gran-
ulometry (Fig. 2). High values of χ fd% (between 8 per cent and
13 per cent) in palaeosols show the presence of superparamagnetic
particles in these horizons (Evans & Heller 1994; Forster et al.
1994; Dearing et al. 1996, 1997; Eyre 1997). In contrast, loess lay-
ers have χ fd% values less than 6 per cent. Two interparametric ratios,
χARM/χLF and χARM/IRM2T, show high values in palaeosols indicat-
ing finer magnetic grain sizes, probably SD and SP, in these horizons
(Maher & Thompson 1999; Liu et al. 2004a; Deng 2008). Large
values of IRM2T/χLF and low values of χARM/χLF and χARM/IRM2T

in loess layers suggest the presence of SD and multidomain (MD)
particles in these layers (Deng et al. 2005; Liu et al. 2007b; Deng
2008).

4.2 Hysteresis properties

The Day plot (Mrs/Ms versus Bcr/Bc) is widely used to infer the do-
main state of magnetic minerals (Day et al. 1977; Dunlop 2002a,b;
Dunlop & Carter-Stiglitz 2006). Both loess and palaeosol samples
are positioned in the PSD region and above the SD+MD mixing
curve, similar to the Mircea Voda loess-palaeosol deposit (Necula
et al. 2013; Fig. 3). The same position on the Day diagram was also
found for loess and palaeosol data presented by several studies from
Chinese loess sequences (Dunlop 2002b; Deng et al. 2004, 2005,
2006; Jin & Liu 2011; Chen et al. 2014; Song et al. 2014). The loess
samples from L1, L2 and L3 layers are tightly grouped and closer
to the SD-MD mixing curve whereas palaeosols samples are more
scattered and slightly offset towards the SD-SP mixing curve. The
samples from the loess layers affected by pedogenesis (L4 and L5)
have a position closer to palaeosols.

FORC distributions for representative Costinesti samples are sim-
ilar to those found in Mircea Voda (Necula et al. 2013) and those
from the Chaona section, a typical Chinese loess-palaeosol sec-
tion (Nie et al. 2014; Fig. 4). Both the S2 and S3 palaeosols show
small, ‘>’ shaped open contours located just near the origin of
the FORC diagram indicating the presence of SP particles (Roberts
et al. 2000; Pike et al. 2001a; Roberts et al. 2014). They also present
a narrow well defined central ridge concentrated along the Bc axis
(at Bu = 0 mT) representing the contribution of non-interacting SD
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Figure 3. Hysteresis ratios of loess and palaeosol samples plotted on a Day diagram. Open circles: loess samples; grey squares: palaeosol samples. The
theoretical mixing curves of Dunlop (2002a) are also plotted (the values next to the curves give the percentage of the mixture which is not SD). Grey areas
mark the domain of magnetite (Mt) and hematite (Hm) mixtures (Frank & Nowaczyk 2008): dark grey = hematite content more than 90 per cent; light
grey = hematite content between 0 and 90 per cent.

particles (Roberts et al. 2000, 2014; Geiss et al. 2008; Egli et al.
2010). All these features are clearly depicted in the high resolution
FORC diagram for the S3 palaeosol. Both palaeosols show a PSD
background highlighted by the small divergence and the triangu-
lar shape of outer contours (Roberts et al. 2000, 2014; Pike et al.
2001b; Nie et al. 2014). The S2 palaeosol shows more pronounced
divergent contours that intersect the Bu axis at higher values sug-
gesting a small increase in the contribution of the MD and/or PSD
grains as compared to S3 palaeosol. L1 and L2 loess samples show
more divergent behaviour of the outermost contours at low coerciv-
ities suggesting that the contribution of MD and/or PSD grains is
proportionally more important than in the palaeosols (van Oorschot
et al. 2002; Nie et al. 2014; Hu et al. 2015). The loess samples (L1
and L2) have open contours close to the ordinate axis indicating
some contribution from ultrafine SP particles and a second maxi-
mum (indicated by closed contours) along the Bc-axis characteristic
for noninteracting SD ferrimagnetic particles (van Oorschot et al.
2002; Necula et al. 2013; Nie et al. 2014). The FORC distributions
show that both the loess and palaeosols contain a mixture of SP, SD
and MD particles, but with a dominance of MD + SD grains in loess
layers and more abundant SP+SD grains in the palaeosol horizons.
These findings also explain the position of palaeosols with respect
to loess in the Day’s diagram (Fig. 3). Thus, the slight upward shift
in the palaeosols is probably due to an increased presence of SP
particles, pulling them towards the upper mixing line (Necula et al.
2013; Chen et al. 2014). The S ratio suggests that palaeosols are
enriched in antiferromagnetic minerals (Fig. 2). Even the antiferro-
magnetic fraction contribution cannot be totally excluded, compared
with the Day plot of artificial samples mixed from haematite and
magnetite (Frank & Nowaczyk 2008), its manifestation in the be-
haviour of the palaeosol samples in the Day plot is not noticeable
(Fig. 3).

4.3 Unmixing model for IRM curves

A two EMs mixing model provides a good approximation of the
loess-palaeosol remanence data (Fig. 5), while addition of a third
EM provides only a minor improvement in terms of the model fit.
The R2 coefficient of determination for two EMs model is 0.99924,
whereas for the three end members model is 0.99936. The rema-
nence gradient curves of the two EMs display maxima at ∼21
and ∼50 mT, respectively (Fig. 5). Because our loess and palaeosol
samples have S ratio >0.9, these two EMs reflect mainly the contri-
bution of soft ferromagnetic minerals.

The depth variation of the two EMs for the Costinesti section is
plotted in Fig. 6. In the same figure we also plotted the two granu-
lometric fractions measured at Costinesti, which are characteristic
for pedogenic processes and aeolian sediment transport. Through-
out the entire section, the airborne dust (particles >16 µm) has the
highest values recorded during glacial periods when wind inten-
sity was stronger and was favourable for the transport of coarser
grains (Vandenberghe et al. 1998; Vandenberghe & Nugteren 2001;
Sun et al. 2002; Novothny et al. 2011). Both the results from
the Costineşti and the Mircea Vodă (Timar-Gabor et al. 2011;
Buggle et al. 2013) suggest that there is an overall trend of in-
creasing grain size from old to young loess. The pedogenic process,
which involves hydrolysis of silicate minerals leading to formation
of new clay-sized minerals (particles <5 µm according to Buggle
et al. 2013), are dominant in the palaeosols (above 20 per cent).

The 21 mT component (EM 1) abundance covaries with mag-
netic susceptibility and the pedogenic fraction, having an important
contribution in all palaeosols and a minor contribution in the loess
layers (Fig. 6). The 50 mT component (EM 2) variations (Fig. 6)
show an inverse relationship with the 21 mT component abun-
dance and the mass-specific magnetic susceptibility. This EM EM2
dominates the loess layers with minor contributions in palaeosols.
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Figure 4. FORC distributions of representative samples from the Costinesti loess-palaeosol complex. We used SF = 3 for S2 and S3 palaeosols, SF = 4.5 for
L1 loess and SF = 6 for L2 loess sample. For the S3 high resolution FORC we used the following VARIFORC parameters: sc0 = sb0 = 3, sc1 = sb1 = 7,
lambda1 = lambda2 = 0.1.
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Figure 5. Remanence gradient curves calculated for the two end-member
model (EM1 and EM2).

The depth variation of this component mimics the airborne dust
fraction.

4.4 Hard magnetic minerals

High field IRM acquisition curves after 100 mT AF demagnetization
(HIRM) for representative samples of loess and palaeosols from
Mircea Voda and Costinesti deposits are displayed in Fig. 7. The
HIRM acquired at 8 T is one order of magnitude lower than the IRM
acquired at the same field prior the demagnetization. All HIRM
acquisition curves show a rapid increase from 100 mT until 1 T in

both loess and palaeosol samples. Above 1 T the samples continue
to acquire remanence up to the maximum applied field of 8 T, but
with much lower rate. France & Oldfield (2000) found saturation
fields between 3 and 5 T for synthetic hematite and several soils
and sediments. Heller (1978) has shown that goethite displays only
weak remanences in fields up to 4 T. Therefore the signal up to
4 T is mainly dominated by hematite. The increase of all HIRM
acquisition curves beyond 4 T can reflect a weak contribution from
goethite, which did not saturate even in fields up to 57 T (Rochette
& Fillion 1989).

Figs 8 and 9 present results of the HIRM measurements for the
Mircea Vodă and Costineşti sections. HIRM1T and HIRM4T (HIRM
acquired in field of 1 and 4 T, respectively) are likely to be mainly
dominated by a hematite contribution (Heller 1978; France &
Oldfield 2000; Maher et al. 2004; Hao et al. 2009). To preclude any
contribution of low-coercivity minerals we subtracted the HIRM1T

from the HIRM4T (HIRM4–1T). Remanence acquisition between 4
and 8 T (HIRM8–4T) is thought to reflect the contribution from
goethite (Walden et al. 1999; France & Oldfield 2000; Hao et al.
2009; Maher et al. 2004).

HIRM4–1T measurements show low values in the loess layers and
higher values in the palaeosols (Figs 8 and 9), suggesting an increase
in hematite contribution during interglacial periods. HIRM8–4T val-
ues are more than three times weaker than the HIRM4–1T val-
ues, indicating that very little remanence is acquired above 4 T.
The inferred goethite contribution represented by HIRM8–4T mea-
surements shows no clear contrast between loess and palaeosols
horizons both for the Mircea Vodă section and the Costinesti
section. Only in the lower part of the Mircea Vodă section, in
palaeosol S5, the HIRM8–4T variations are similar to the HIRM4–1T

variations.

Figure 6. Remanence contributions of the two individual end-members (EM1 and EM2), magnetic susceptibility, grain size distribution of the clay (<5 µm)
and airborne fractions (>16 µm) versus depth. The grain size distributions were smoothed using 5 points adjacent averaging. Grey shadings mark the palaeosol
units.
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Figure 7. HIRM acquired in fields up to 8 T after 100 m AF demagnetization for representative samples from S3 (forest soils) and S2 (chernozems) palaeosols
and L2 loess unit of the Mircea Voda and Costineşti sections.

Figure 8. Mircea Vodă loess-palaeosol section: low field magnetic susceptibility (χ lf) and HIRM acquired in fields of 1, 4 and 8 T after 100 mT AF.
HIRM4–1T = HIRM4T – HIRM1T represents hematite contribution free from any ferrimagnetic influence. HIRM8–4T = HIRM8T-HIRM4T reflects mainly
goethite contribution.

5 D I S C U S S I O N S

5.1 Origin of ferromagnetic minerals

5.1.1 Soft ferromagnetic minerals

The variations of several rock magnetic parameters (χ lf, χARM,
χ fd%, χARM/χLF, χARM/IRM2T, IRM2T/χLF, hysteresis properties)
are mainly controlled by the contribution of soft coercivity mag-
netic minerals (magnetite and maghemite). All these data show that
magnetic enhancement in the recent soil and palaeosols is mainly
produced by a mixture of fine magnetic grains (SP, SD and PSD)
in contrast to the loess layers (L1, L2 and L3) where SD and MD
magnetic grains are dominant. At Costineşti, the thin loess layers
L4 and L5 have a significant contribution from fine magnetic grains
with respect to the thicker upper loess layers.

The unmixing model for IRM curves (Fig. 6) shows the pres-
ence of two components: a 21 mT component (EM 1) and a 50 mT
component (EM 2). The component EM1 is probably of pedo-
genic origin because it covaries with the pedogenic granulometric
fraction and have an important contribution in all palaeosols and
a minor contribution in the loess layers. Using the same method,
the 21 mT pedogenic component was also found dominant in the
palaeosol layers from the Mircea Voda section (Necula et al. 2013)
and the Chaona loess section (Chinese Loess Plateau, Nie et al.
2014). Other IRM decompositions, obtained using different meth-
ods, showed peaks coercivities for pedogenic magnetite/maghemite
of ∼21 mT (Lingtai section, Chinese Loess Plateau, Spassov et al.
2003) and ∼25 mT (Luochuan section, Chinese Loess Plateau, Hu
et al. 2013). Jordanova et al. (2011) also found a similar pedogenic
phase with a very stable mean coercivity of ∼31 mT in all palaeosol
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Figure 9. Costineşti loess-palaeosol section: low field magnetic susceptibility (χ lf) and HIRM acquired in fields of 1, 4 and 8 T after 100 mT AF.
HIRM4–1T = HIRM4T – HIRM1T represents hematite contribution free from any ferrimagnetic influence. HIRM8–4T = HIRM8T – HIRM4T reflects mainly
goethite contribution.

samples collected from four Bulgarian loess-palaeosol deposits
(Orsoja, Koriten, Lubenovo and Durankulak). Following these stud-
ies we interpret the 21 mT component from the Costinesti section as
representing pedogenic magnetite grains around the SP/SSD bound-
ary, but which are large enough to carry stable remanences for the
duration of the experiments.

The component EM2 variations are similar to the airborne dust
fraction (Fig. 6) and dominate the loess layers with minor contri-
butions in palaeosols. Necula et al. (2013) found a hard detrital
component (∼60 mT) in the nearby Mircea Voda section. Nie et al.
(2014) identified in the Chaona loess section a similar hard de-
trital component peaking at 72 mT. Using Gaussian functions to
decompose the IRM signal, Jordanova et al. (2011) found a fairly
uniform detrital component with coercivity peaking at ∼58 mT in
loess samples from the Koriten and the Lubenovo loess-palaeosol
sections. In the Chinese Loess Plateau, Spassov et al. (2003) found a
79 mT component in the Lingtai loess samples and Hu et al. (2013)
identified a dominant component in the Luochuan loess samples
peaking at the same coercivity as our component. All these studies
have interpreted this component as being carried by a detrital mag-
netite or partially oxidized detrital magnetite (magnetite core with
maghemite rim resulting from weathering). Theoretically, for PSD
magnetite, coercivity should decrease dramatically with increasing
grain size (Dunlop & Özdemir 1997; Maher 1988). However, ac-
cording to van Velzen and Dekkers (1999) the stress induced by sur-
face oxidation increases the coercivity of the particle, therefore ox-
idized aeolian PSD/MD grained magnetite becomes harder. Based
on measurements on synthetic samples and micromagnetic mod-
elling, Ge et al. (2014) showed that for large PSD grains (>110 nm)
the coercivity increase, with a sudden decrease when the maghemi-
tization is complete. In addition, they found that for small PSD
particles (80–100 nm, close to the SD/PSD boundary) there is a
gradual magnetic hardening until the core disappears due to a re-
duction of magnetization as the maghemite skin grows. Our FORC

distributions for the loess samples showed a significant contribution
from PSD/MD magnetite in these horizons (Fig. 4), which is also
reflected in the high values of χARM/χLF in loess layers (Fig. 2).
In consequence the second component provided by unmixing the
IRM acquisition curves most probably reflect a contribution from
oxidized PSD/MD detrital magnetite of aeolian origin.

All these results show that magnetic enhancement at Costineşti
can be explained by the pedogenic model, that is, the in situ pro-
duction of new soft ferrimagnetic minerals during soil formation
(Maher & Thompson 1991; Evans & Heller 1994; Hunt et al. 1995).
The magnetic properties of the first three loess layers are dominated
by soft ferrimagnetic minerals of aeolian origin. The lower thin
loess layers (L4 and L5) present significant enhancement in com-
parison with the younger loess units above, suggesting that these
loess layers are intensely affected by pedogenesis.

5.1.2 Hematite

The HIRM4–1T parameter presents low values in loess units and
higher values in palaeosols. This illustrates a significant increase in
hematite contribution during interglacial periods, suggesting a pe-
dogenic origin. The result is in agreement with Buggle et al. (2014),
who also found high concentrations of hematite of pedogenic origin
in the Mircea Voda palaeosols using DRS in combination with rock
magnetic measurements. Jordanova et al. (2011), using both DRS
and rock magnetic methods, has concluded that the pedogenesis is
accompanied by preferential formation of hematite over goethite
in all analysed sites from Bulgaria. Similar hematite enrichment in
the Late Pleistocene soils was found in the Middle Danube Basin
(Batajnica/Stari Slankamen and Orlovat loess-palaeosol sequences)
by Buggle et al. (2014) and Lukić et al. (2014) using rock magnetic
and colorimetric measurements. There are many studies which also
reported more abundant hematite of pedogenic origin in palaeosols
from the Chinese Loess Plateau and Tibetan loess (e.g. Liu et al.
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2004b,c; Deng et al. 2006; Zhang et al. 2009; Chen et al. 2010;
Hu et al. 2013, 2015; Zhao et al. 2013). The occurrence of pe-
dogenic hematite generally indicates stronger weathering intensity
under a warm and humid, but seasonally dry soil forming condition
(Cornell & Schwertmann 2003; Deng et al. 2006; Zhang et al. 2009,
2012; Chen et al. 2010). The increasing DRS derived weathering
degree index in Bulgarian palaeosols indicates a higher degree of
low-temperature oxidation during pedogenesis resulting in forma-
tion of pedogenic hematite (Jordanova et al. 2011). At the Costineşti
and Mircea Vodă sections the highest values of the hematite sig-
nal can be found in S3, S4 and S5 palaeosols implying that these
palaeosols were formed under significantly warmer and seasonally
more humid conditions than the soils formed later. This feature
is also observed in the DRS measurements from the Mircea Vodă
section and according to Buggle et al. (2014) reflects the transition
from the Mediterranean climate to the steppe climate. The high cor-
relation between the pedogenic soft magnetic minerals and hematite
concentrations supports the hypothesis that these two minerals form
concomitantly (Torrent et al. 2007).

Inside the loess layers the hematite contributions have lower val-
ues than in palaeosols. Both magnetic and granulometric data in-
dicate the absence of important pedogenic alteration in these loess
units. According to Chen et al. (2014), the hematite particles found
in these loess portions are rather of detrital origin. Jordanova et al.
(2011) supposed that the hematite found in the loess layers from
the Durankulak section situated on the Black Sea coast came from
aeolian dust blown from local dust sources during glacial periods.
We also favour the hypothesis that the hematite in our loess layers is
mainly of aeolian origin. At Mircea Vodă, magnetic measurements
are more efficient to prove the presence of hematite during glacial
periods than sole DRS measurements, which suggest the absence
of hematite during loess deposition (Buggle et al. 2014).

5.1.3 Goethite

The inferred goethite contribution represented by HIRM8–4T (Figs 8
and 9) presents no systematic contrast between loess and palaeosols
horizons both at the Mircea Voda section and the Costineşti section.
HIRM8–4T values indicate that the goethite contribution is almost
constant. The small gain in remanence between 4 and 8 T may results
in a high degree of uncertainties in the HIRM8–4T parameter which
can mask the real goethite contribution (Hao et al. 2009). Moreover
goethite may acquire significant remanence in fields higher than
those used in this study (e.g. Dekkers et al. 1989), so an 8 T magnetic
field intensity might not be enough to recover the true goethite
contribution (Hao et al. 2009). Maher et al. (2004) have shown
that synthetic hematite powders continue to acquire remanence in
applied dc fields of up to 7 T, although at a much lower rate than that
of goethite. This behaviour of hematite can further complicate the
interpretation of HIRM8–4T and can explain the similitudes between
HIRM4–1 T and HIRM8–1 T in the lower part of the Mircea Vodă
section (Fig. 8).

Based on DRS measurements, Torrent et al. (2007) and Hu et al.
(2015) found no correlation between goethite concentration and
frequency dependent magnetic susceptibility in loess sections from
the Chinese Loess Plateau and Tibetan Plateau, respectively. They
proposed that goethite formation is probably independent of pedo-
genesis. The Rubification Index of palaeosols at Mircea Vodă site
(Buggle et al. 2014) suggests the presence of goethite in loess layers
without significant variability. Because there is no clear correlation

between the HIRM8–4T parameter and lithology we presume, similar
to Torrent et al. (2007), that goethite is probably of aeolian origin.

5.2 Correlation of loess-palaeosol deposits from the lower
Danube basin during the Brunhes chron

To correlate the loess-palaeosol deposits from the lower Danube
basin, we have used the magnetic susceptibility curves, because
there is a strong correlation between magnetic susceptibility and
lithology, and geochronological controls. Fig. 10 summarizes the
longest magnetic susceptibility profiles from the lower Danube
basin extending through the Brunhes chron. From west to east
(Fig. 1) these profiles are: Lubenovo and Viatovo (Bulgaria,
Jordanova et al. 2007, 2011), Zimnicea (Romania, Rădan 2012),
Mostiştea (Romania, Panaiotu et al. 2001; Necula & Panaiotu 2008),
Koriten (Bulgaria, Jordanova & Petersen 1999), Mircea Vodă (Ro-
mania, Buggle et al. 2009; Necula et al. 2013), Costineşti (Roma-
nia, this study), Primorskoje (Ukraine, Nawrocki et al. 1999) and
Nova Etuliya (Moldavia, Tsatskin et al. 2001; Gendler et al. 2006;
Tsatskin et al. 2008). All these loess-palaeosol sections belong to
the loess deposit area D5 defined by Smalley et al. (2009) in the
lower Danube basin. According to Smalley et al. (2009) the loess in
this area is essentially mountain loess, derived from the Carpathi-
ans and other high regions surrounding the lower Danube basin.
Buggle et al. (2008) have shown that the loess from the Dobrogea
is predominantly derived from the Danube alluvium.

We have used two types of geochronological controls for the loess
sections presented in Fig. 10: direct dating by luminescence and
palaeomagnetic dating (position of Matuyama–Brunhes boundary).
Direct dating for the loess sections from the lower Danube basin is
available only for three of these locations: Mostiştea (Balescu et al.
2010; Vasiliniuc et al. 2011), Mircea Vodă (Balescu et al. 2010;
Timar et al. 2010; Timar-Gabor et al. 2011; Vasiliniuc et al. 2012)
and Costineşti (Balescu et al. 2003; Constantin et al. 2014). Sev-
eral luminescence methods (IRSL on feldspar, elevated temperature
post-IR IRSL signals and OSL) have shown that the first four loess
layers from Mostiştea, Mircea Vodă and Costineşti can be correlated
with MIS 2–4, MIS 6, MIS 8 and MIS10 and the palaeosols (S1, S2
and S3 in Fig. 10) below these layers with MIS 5, MIS 7 and MIS9.

The position of Matuyama–Brunhes (M–B) boundary is well
documented for two sections: Viatovo (Jordanova et al. 2008) and
Nova Etuliya (Gendler et al. 2006). At Viatovo, the M–B boundary
was found in the loess layer below the pedocomplex S6 (Fig. 10).
At Nova Etuliya, the M–B boundary was found in the pedocomplex
PK7 (Fig. 10). According to the palaeomagnetic data both sections
extend below the M–B boundary, but our discussion will be limited
to the Brunhes chron. There are two reports about the presence of
M–B boundary below the pedocomplex S6 (Fig. S4) at the base
of the Costineşti (Tuzla) section (Balescu et al. 2003) and below
pedocomplex S6 in the Zimnicea borehole (Rădan 2012). Both
reports should be regarded as preliminary, because they are based
on a limited number of samples. Nawrocki et al. (1999) found only
normal polarity at the Primorskoje section and concluded that it was
deposited during Brunhes chron. Position of the M–B boundary in
the Lower Danube Basin below the pedocomplex S6 is in agreement
with the results from the Middle Danube Basin (e.g. Fitzsimmons
et al. 2012), the Transcarpathia region (Nawrocki et al. 2015) and
the East Carpathian Foreland (Nawrocki et al. 2002).

Because these geochronological markers are not available for all
the sections, to correlate them it is necessary to accept a supplemen-
tary hypothesis concerning the formation of palaeosols with strong
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Figure 10. Correlation of the loess-palaeosol sections from the lower Danube basin. The recent soil (S0) and the palaeosols (S1–S6) and their correlation with
MIS are marked by grey bands. MIS stages boundaries are after Lisiecki and Raymo (2005). Matuyama (M)–Brunhes (B) boundary is marked with a dash line.
The positions of pedocomplexes (PK) from Nova Etuliya are after Tsatskin et al. (2008).

magnetic enhancement. Since the pioneering work of Jordanova &
Petersen (1999) at Koriten, it is accepted that the palaeosols from
the lower and middle Danube basin with strong magnetic enhance-
ment are formed during odd MIS (e.g. Fitzsimmons et al. 2012
and references therein). However, in the absence of direct dating of
each section, field observations concerning absence or presence of
significant erosion or a palaeosol with a particular susceptibility pat-
tern are necessary to correlate both the palaeosols with each other
and with corresponding MIS. Important erosions are not reported
for any sections presented in Fig. 10. The best regional reference
palaeosol is the one labelled S2 in Fig. 10 (Panaiotu et al. 2001;
Jordanova et al. 2007; Fitzsimmons et al. 2012). This is a double
palaeosol which can be observed both in the field (e.g. Figs S5 and
S6) and in the magnetic susceptibility profiles as a more or less
pronounce double peak (Fig. 10). In the lower part of the overlaying
loess layer L2 an incipient palaeosol can be observed as a small peak
in the magnetic susceptibility curves (Fig. 10). This pattern was de-
scribed on several sections from lower Danube basin: Lubenovo and
Viatovo (Jordanova et al. 2007), Mostiştea (Panaiotu et al. 2001),
Koriten (Jordanova & Petersen 1999), Mircea Vodă (Buggle et al.
2009; Necula et al. 2013) and Costineşti (this study). This succes-
sion of three palaeosols can be observed also in the loess sections
from the middle Danube basin (Panaiotu et al. 2001; Fitzsimmons
et al. 2012). The same pattern of oscillations of the magnetic sus-
ceptibility can be observed in the Chinese loess sections in the loess
L2 (assigned to MIS 6) and palaeosol S2 (assigned to MIS 7; e.g.
Heslop et al. 2002; Fitzsimmons et al. 2012; Marković et al. 2012).

The MIS 7 reference palaeosol is also evident in the Primorskoje
section (Fig. 10). Since recent luminescence dating have shown that
this double palaeosol S2 correspond to MIS 7 and the magnetic sus-
ceptibility profile from the Primorskoje section is almost identical
with the one measured at Costineşti, we think that the chronol-
ogy proposed by Nawrocki et al. (1999) must be abandoned. This
chronology was based on old 14C and luminescence ages and pro-
posed the correlation of palaeosol S2 with MIS 3 and the following

palaeosols (labelled S3, S4 and S5 in Fig. 10) with MIS5, MIS 7
and MIS 9–13.

Having the palaeosol S2 as reference and the hypothesis that
each palaeosol with a strong magnetic susceptibility corresponds to
about an odd MIS, both the correlation of the sections each other
and with marine isotope stages is robust for the first five palaeosols
(Jordanova & Petersen 1999; Panaiotu et al. 2001; Jordanova et al.
2007; Buggle et al. 2009; Rădan 2012; Necula et al. 2013). For
the Primorskoje section, based on magnetic susceptibility curve,
we proposed the same correlation of palaeosols as for the rest of
sections: S1 corresponds to MIS 5, S2 corresponds to MIS 7, S3 cor-
responds to MIS 9, S4 corresponds to MIS 11 and S5 corresponds
to MIS 13–15. At Viatovo (Jordanova et al. 2007, 2008) there is a
pedocomplex above M-B boundary (labelled S6 in Fig. 10) which is
separated by a loess layer from the palaeosol S5. The same pattern
can be observed also at the other long sections Lubenovo (Jordanova
et al. 2007), Zimnicea (Rădan 2012) and Koriten (Jordanova and
Petersen 1999). Due to the lack of clear expression of loess layers
both in the field and in the magnetic susceptibility curve, this pe-
docomplex is correlated with the time interval from MIS17–MIS19
(Jordanova & Petersen 1999; Jordanova et al. 2007; Fitzsimmons
et al. 2012; Rădan 2012).

The correlation of the Nova Etuliya section with the rest of the
lower Danube basin sections is not straightforward. Tsatskin et al.
(2001) proposed the following scheme of correlation of the seven
palaeosols observed above B–M boundary at the Nova Etuliya with
MIS: the first pedocomplex PK1 is correlated with MIS 5, the sec-
ond pedocomplex PK2 is correlated with MIS7, MIS 9 and MIS
11, the third pedocomplex PK4 is correlated with MIS 13–15, the
fourth pedocomplex PK5 with MIS 17 and the pedocomplex PK6
is correlated with MIS 19. This scheme is not supported by any
direct dating. The pedocomplex PK4, characterized by the highest
magnetic susceptibility peak, is considered a stratigraphic marker
for the loess-palaeosol sections from Moldavia and south Ukraine
(Tsatskin et al. 2001; Dodonov et al. 2006) and it is traditionally
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associated with MIS 13–15 (Tsatskin et al. 1998, 2001, 2008). In
the rest of the loess-palaeosol sections from Dobrogea (Koriten,
Mircea Vodă, Costineşti, Fig. 10) the highest magnetic susceptibil-
ity is reached in the brown–red palaeosol S3, which is correlated
with MIS 9. Since large climatic differences of Nova Etuliya with
respect to the Dobrogea sections are unlikely due to the close dis-
tance, therefore we propose the following scheme to correlate this
section with the other sequences in the area (Fig. 10). The first pedo-
complex PK1 corresponds to palaeosol S1 from the other sections
and to MIS 5 in agreement with Tsatskin et al. (2001). The second
pedocomplex PK2 formed by two welded palaeosols (Tsatskin et al.
2008) corresponds to the double palaeosol S2 clearly observed in
other sections and to MIS 7. Below S2 all the sections from the
Dobrogea plateau present three well define susceptibility peaks cor-
related with MIS 9, 11 and 13–15. At Nova Etuliya there is only
one peak corresponding to the pedocomplex PK4. This pedocom-
plex, which has the highest magnetic susceptibility, is formed by
two welded palaeosols (Tsatskin et al. 2008). Because the loess
layer deposited between palaeosol S3 and S4 is thin and sometimes
affected by pedogenesis in most of the loess sections from the lower
Danube basin (Fig. 10), we propose to correlate the pedocomplex
PK4 with S3 and S4 corresponding to to MIS 9 and MIS11. A sim-
ilar stack of the palaeosols S3 and S4 was reported for the Viatovo
section (Jordanova et al. 2007) and Zimnicea section (Rădan 2012).
Below PK4, there are three palaeosols, which are characterized by
relative low magnetic susceptibility values. Tsatskin et al. (2008)
presume that semihydromorphic and hence reducting conditions in
the soils are the possible explanation for the posterior destruction of
magnetite in PK5 and PK6. Taking the position of M-B boundary
at Nova Etulya into account, we tentatively correlate PK5 with S5
and MIS13–15 and PK6 with S6 and MIS17–19. If our correlation
scheme will be confirmed by direct luminescence dating of the up-
per loess layers, it will also impose the re-evaluation of the age of
pedocomplex PK4 (Virina palaeosol) from the Roxolani loess sec-
tion (Tsatskin et al. 1998) and from the other loess sections from
the East European low lands where it is considered an important
stratigraphic marker (Dodonov et al. 2006).

The magnetic susceptibility data from the eastern part of the lower
Danube basin (Mircea Vodă, Koriten, Costineşti and Primorskoje)
can be interpreted as support for the transition of a Mediterranean
type climate to a steppe type climate (Buggle et al. 2014). This
transition is reflected in the higher magnetic susceptibility values of
the palaeosols S5, S4 and S3, formed between 630 and 330 ka, with
respect to later palaeosols. This pattern is less visible at Mostiştea
and Zimnicea and completely reversed at Viatovo and Lubenovo
where the highest magnetic susceptibility values are recorded in
palaeosols S1, S2 and S3 (Jordanova et al. 2007). Marković et al.
(2011), Fitzsimmons et al. (2012) and Buggle et al. (2014) suggest
that the rock magnetic data from the Middle and Lower Danube
basins are in agreement with a precipitation gradient from east to
west across the basin during the Pleistocene. On the other hand
Jordanova et al. (2007) proposed that local factors, as elevation of
the loess sections, probably control this pattern of magnetic suscep-
tibility values. We propose that this contrasting pattern of magnetic
susceptibility data over a relative short distance (∼300 km) reflect
the local climatic influence of the Black Sea overlap with conti-
nental scale climatic oscillations in Southern Europe during the
Brunhes chron. However the quantitative interpretation of magnetic
susceptibility data from the Danube basin palaeosols to estimate
the precipitation rate (Panaiotu et al. 2001; Buggle et al. 2009,
2013) must be made with caution, because magnetic climatic func-
tions can be affected by large errors (Heslop & Roberts 2013) and

complex factors (the frequency of drying/wetting cycles and the
average moisture of the soil) control the magnetic enhancement
factors of loessic soils (Orgeira et al. 2011). An alternative expla-
nation for the transition of a Mediterranean type climate to a steppe
type climate was proposed by Buggle et al. (2013, 2014). They
proposed that the progressive aridification in SE Europe is mainly
caused by the elevation increase of surrounding mountain belts. In
our opinion this explanation needs more arguments both because
these changes in palaeoelevation were probable small and their am-
plitude is not well constrained (Buggle et al. 2013) and because the
amplitude of climatic influence of these small changes in the eleva-
tion of the Alps and Carpathians Mountains is not yet evaluated by
any climatic model.

Background magnetic susceptibility values of the Romanian
loess-palaeosol sections are presented in Table 1. According to
Forster et al. (1994) background magnetic susceptibility values
characterize the magnetic susceptibility of the dust from the source
area. To look for a possible change in the source area of the dust, we
have computed these background magnetic susceptibilities both for
the steppe type climate (samples from S0 to L3) and the Mediter-
ranean type climate (samples from S3 to the end of the section).
The background magnetic susceptibility values for the Mediter-
ranean type climate are significant lower than similar values for the
steppe type climate for all sections. This result indicates contribu-
tions from two different source areas of dust during the climatic
transition. According to Buggle et al. (2008), the loess of the Do-
brogea plateau (Romania) is predominantly derived from Danube
alluvium with a minor source derived from the Ukrainian glacioflu-
vial deposits. Buggle et al. (2008) also found distinctly lower values
of magnetic background susceptibility in the sites from Ukraine
with respect to the sites from the Lower Danube Basin. Taking into
account their results, we proposed that the dust transport from the
Ukrainian glaciofluvial deposits, which are characterized by lower
values of background magnetic susceptibility (∼8 × 10−8 m3 kg−1),
was probably enhanced during the Mediterranean type climate. The
transition to a steppe type climate is accompanied by a change to
a dominant source area derived from Danube alluvium, which are
characterized by larger values of background magnetic susceptibil-
ity (∼20 × 10−8 m3 kg−1).The Mostiştea and Mircea Vodă sections
has always larger values of background magnetic susceptibility than
the Costineşti section, because they are closer to the source area de-
rived from Danube alluvium.

6 C O N C LU S I O N S

Detailed bulk rock magnetic measurements of the Costineşti
loess/palaeosol section from the Black Sea shore have resulted in the
following conclusions about magnetic mineralogy and its climatic
control:

(1) The magnetic enhancement of palaeosol horizons in the
Costineşti sequence is produced mainly by pedogenic soft mag-
netic minerals, which include ultrafine grained SP, grains at the
SP/SD threshold, stable SD grains and PSD magnetite /maghemite
grains. Small amounts of coarser magnetic grains of aeolian origin
can also be present in the palaeosols.

(2) The loess layers in Costineşti are dominated by MD and/or
PSD oxidized magnetite of aeolian origin. Some contribution from
SD and SP/SD grains is also present, suggesting an incipient degree
of pedogenesis during loess accumulation.

(3) The unmixing model for IRM curves shows the presence
of two components with different coercivity. The first coercivity
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Table 1. Background magnetic susceptibility values (χbg) of the Romanian loess-palaeosol
sections and their 95 confidence limits.

Costineşti χbg Mircea Vodă χbg Mostiştea χbg

Loess-palaeosols Climate (m3 kg−1) (m3 kg−1) (m3 kg−1)

S0–L3 Steppe 17.11 ± 0.86 19.51 ± 0.58 19.15 ± 0.6
S3 to end of section Mediterranean 10.61 ± 1.66 15.88 ± 1.56 16.03 ± 2.2

component (∼21 mT) has a pedogenic origin and its formation is
favoured during interglacial periods. The second coercivity compo-
nent (∼50 mT) is of aeolian origin, being dominant in loess layers
and with very low contribution in palaeosols.

(4) High field remanence measurements show that the hematite
contribution is enhanced in palaeosols, indicating a pedogenic ori-
gin. It is also present in loess where it is probably mainly of aeolian
origin. In addition, the hematite contribution depends on the de-
gree of pedogenesis: the highest values of the hematite signal can
be found in the S3, S4 and S5 palaeosols both at Mircea Vodă
and Costineşti. This implies that these palaeosols were formed un-
der warmer and dryer conditions than the soils formed later. Our
data from Mircea Vodă shows that high field magnetic measure-
ments produced results similar to DRS and Munsel color based
measurements.

(5) The goethite contribution, reflected by high field magnetic
remanence measurements, is probably minor and constant both in
loess and palaeosols.

(6) The correlation between loess sections from the Lower
Danube Basin have shown that the chronology of the loess sec-
tions from the southern Ukraine and Moldavia must be revised to
fit the accepted chronology of the other loess sections from this re-
gion. This revision must be extended to other loess sections from the
southeastern Ukraine and the Black Sea area in order to facilitate
the interpretation of climatic connections with the Danube basin
region.

(7) This correlation also shows that the magnetic susceptibility
data from Costineşti can be interpreted as support for the tran-
sition of a Mediterranean type climate to a steppe type climate
in the last two interglacial periods in the western Black Sea. Be-
cause the pattern of magnetic susceptibility data from the lower
Danube basin is changing relative fast with distance from the Black
Sea shore, it probably reflect the local influence of the Black Sea
on continental scale climatic oscillations during the last 600 ka.
The values of background magnetic susceptibility of the Romanian
loess-palaeosol sections indicate a change in the dominant source
area of the dust during the transition of a Mediterranean type climate
to a steppe type climate.
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Glaser, I. & Zöller, L., 2009. Stratigraphy and spatial and temporal pa-
leoclimatic trends in East European loess paleosol sequences, Quat. Int.,
196, 86–106.

Buggle, B., Hambach, U., Kehl, M., Marković, S.B., Zöller, L. & Glaser,
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Harinarayana, T. & Ivers, D., Springer.

Lisiecki, L.E. & Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57
globally distributed benthic 18O records, Paleoceanography, 20, PA1003,
doi:10.1029/2004PA001071.

Liu, Q., Banerjee, S.K., Jackson, M.J., Maher, B.A., Pan, Y., Zhu, R., Deng,
C. & Chen, F., 2004a. Grain sizes of susceptibility and anhysteretic
remanent magnetization carriers in Chinese loess/paleosol sequences,
J. geophys. Res., 109, B03101, doi:10.1029/2003JB002747.

Liu, Q., Banerjee, S.K., Jackson, M.J., Deng, C., Pan, Y. & Zhu, R., 2004b.
New insights into partial oxidation model of magnetites and thermal
alteration of magnetic mineralogy of the Chinese loess in air, Geophys.
J. Int., 158(2), 506–514.

Liu, Q.S., Banerjee, S.K., Jackson, M.J., Chen, F., Pan, Y.X. & Zhu, R.X.,
2004c. Determining the climatic boundary between the Chinese loess and
palaeosol. Evidence from aeolian coarsegrained magnetite, Geophys. J.
Int., 156, 267–274.

 by guest on July 11, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


Rock magnetism of a Romanian loess sequence 1747

Liu, Q., Roberts, A.P., Torrent, J., Horng, C.-S. & Larrasoana, J.C.,
2007a. What do the HIRM and S-ratio really measure in environ-
mental magnetism?, Geochem. Geophys. Geosyst., 8, doi:10.1029/
2007GC001717.

Liu, Q.S., Deng, C.L., Torrent, J. & Zhu, R.X., 2007b. Review of recent
developments in mineral magnetism of the Chinese loess, Quat. Sci. Rev.,
26, 368–385.

Lukic, T. et al., 2014. A joined rock magnetic and colorimetric perspective
on the Late Pleistocene climate of Orlovat loess site (Northern Serbia),
Quat. Int., 334-335, 179–188.

Maher, B.A., 1988. Magnetic properties of some synthetic sub-micron mag-
netites, J. geophys. Res., 94, 83–96.

Maher, B.A. & Taylor, R.M., 1988. Formation of ultrafine-grained magnetite
in soils, Nature, 336, 368–370.

Maher, B.A. & Thompson, R., 1991. Mineral magnetic record of the Chinese
loess and paleosols, Geology, 19, 3–6.

Maher, B.A. & Thompson, R., 1999. Quaternary Climates, Environments
and Magnetism, Cambridge Univ. Press.

Maher, B.A., Karloukovski, V.V. & Mutch, T.J., 2004. High-field rema-
nence properties of synthetic and natural submicrometre hematites and
goethites: significance for environmental contexts, Earth planet. Sci. Lett.,
226, 491–505.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Costineşti loess-palaeosol section (43◦57.304′N,
28◦38.428′E, Black Sea coast, Romania). Palaeosols are labelled
S1–S5. The image was taken at ∼50 m north of the sampling site.
The outcrop is no more visible since the cliff stabilization work
along the coast.
Figure S2. Panoramic view of the loess cliffs along the Black Sea
shore ∼2.6 km north from the Costineşti site. The outcrop is no
more visible since the cliff stabilization work along the coast.
Figure S3. The loess-palaeosol section (43◦58.610N 28◦39.348′E)
sampled for OSL (Constantin et al. 2014) and IRSL (Balescu et al.
2003) dating. The image was taken on the Black Sea coast ∼2.6 km
north from the Costineşti site.The palaeosols are labelled S1–S6.
The outcrop is no more visible since the cliff stabilization work
along the coast.
Figure S4. The loess-palaeosol section from locality 2 Mai
(43◦46.622′N 28◦34.783′E, Black Sea coast, Romania) ∼20 km
south from the Costineşti site. Palaeosols are labelled S1–S6.
Figure S5. Mircea Vodă loess-palaeosol section (44◦19.286′N
28◦11.442′E, Dobrogea plateau, Romania). Palaeosols are labelled
S1–S5. Note the double palaeosol S2 corresponding to MIS 7.
Figure S6. Mostiştea loess-palaeosol section (44◦15.580′N
26◦52.590′E, Danube plain, Romania). Palaeosols are labelled S1–
S4. Note the double palaeosol S2 corresponding to MIS 7
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji
/ggv250/-/DC1).
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authors. Any queries (other than missing material) should be di-
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