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Stable organic carbonandnitrogen isotopes canbe used to interpret past vegetationpatterns and ecosystemqualities.
Herewepresent theseproxies for two loess-palaeosol sequences fromthesouthernCarpathianBasin toreconstruct the
palaeoenvironmentduring thepast 350 kaandestablish regional commonalities anddifferences.Beforenow, isotopic
studies on loess sequences from this regionwere only conducted on deposits from the last glacial cycle.We conducted
methodological tests involving the complete decalcification of the samples prior to stable isotope analyses. Two
decalcification methods (fumigation method and wet chemical acidification), different treatment times, and the
reproducibility of carbon isotope analyseswere tested. Obtained results indicate that the choice of the decalcification
method is important for organic carbon stable isotope analyses of loess-palaeosol sequences because ratios vary by
more than10&between thewet chemical and fumigationmethods,due to incomplete carbonate removalby the latter.
Therefore, we suggest avoiding the fumigationmethod for studies on loess-palaeosol sequences. In addition, our data
show that samples with TOC content <0.2% bear increased potential for misinterpretation of their carbon isotope
ratios. For our sites, C3-vegetation is predominant and no palaeoenvironmental shifts leading to a change of the
dominant photosynthesis pathway can be detected during the Middle to Late Pleistocene. Furthermore, the
importanceof further stable nitrogen isotope studies is highlighted, since this proxy seems to reflect past precipitation
patterns and reveals favourable conditions in the southern Carpathian Basin, especially during interstadials.
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Due to its widespread distribution and its atmo-
spheric transport, loess is a frequently used terrestrial
archive for the reconstruction of past climatic
conditions (P�ecsi 1990; P�ecsi & Richter 1996;
Antoine et al. 2009; Z€oller 2010; Muhs 2013;
Rousseau et al. 2014; Sprafke & Obreht 2016;
Obreht et al. 2017). During the last decades of
research, a multitude of proxy data approaches for
palaeoclimate reconstruction in loess research have
been developed (e.g. Zech et al. 2010; Jia et al. 2013;
Beck et al. 2018). Some of these approaches use the
physical and (in-)organic chemical properties of
sediment samples as proxies for sedimentation
dynamics, as well as syn- and postdepositional
alteration processes (Buggle et al. 2011; Schaetzl
et al. 2018; Schulte & Lehmkuhl 2018; Schulte et al.
2018), ultimately aiming to reconstruct palaeocli-
matic fluctuations (Heller & Tungsheng 1986; Gallet
et al. 1996; Lu & An 1998; Antoine et al. 2009;
Torre et al. 2020). Another approach is to investigate
the remnants of organic material within the sedi-
ment. Since macroscopic plant remnants are rare in

loess deposits (Zech et al. 2013), methods from
organic geochemistry are applied at molecular or
isotopic scales (Lin et al. 1991; Hatt�e et al. 1998,
1999; Schatz et al. 2011).

Stable organic carbon isotopes (d13Corg) are investi-
gated to draw conclusions about the dominant pathway
of photosynthesis of the palaeovegetation. C4 plants,
which are favouredunderwarmand arid conditions (Lin
et al. 1991; Wang et al. 1997; Rao et al. 2013), tend to
have less negative ratios of around�9 to�15&. On the
contrary, C3 plants, which grow under cooler, more
humid climatic conditions, have more depleted d13Corg

ratios of around�20 to�38& (O’Leary 1988; Farquhar
et al. 1989). In aeolian sediments, stable organic carbon
isotopes have been investigated since the early 1990s.
Pioneering studies were conducted in China (Lin et al.
1991; Tungsheng et al. 1996;Wang et al. 1997; Gu et al.
2003). Hatt�e et al. (1998, 1999, 2001) intensively inves-
tigated the isotopic signatures of loess-palaeosol
sequences (LPS) in the Upper Rhine Graben and the
Neckar basin in southwestern Germany as well as in
eastern France, where carbon isotope ratios were also
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used to reconstruct palaeoprecipitation patterns of these
regions (Hatt�e et al. 2001; Hatt�e &Guiot 2005). Studies
were also conducted in Central Asia (Ding et al. 2002;
Rao et al. 2013), Siberia (Zech et al. 2007) and North
America (Muhs et al. 1999). In southeastern Europe,
stable carbon isotope studies focused on LPS from the
last glacial cycle in the Carpathian Basin (Schatz et al.
2011; Hatt�e et al. 2013; Zech et al. 2013; Obreht et al.
2014; Markovi�c et al. 2018).

Since other carbon sources in LPS, especially carbon-
ates, are considerably enriched in d13C values compared
to organicmatter (Cerling 1984;Han et al. 1997;Ding&
Yang 2000; Kaakinen et al. 2006; Prud’homme et al.
2018), a complete decalcificationof the samples is crucial
to ensure reliable results of d13Corg measurements
(Gauthier & Hatt�e 2008; Brodie et al. 2011). Otherwise,
the isotopic signature of the organicmatter is masked by
enriched values from carbonates, which makes a
palaeoenvironmental reconstruction impossible.

Besides d13Corg, stable nitrogen isotopes are another
proxy informative of various environmental conditions
(Zech et al. 2007; Schatz et al. 2011; Andreeva et al.
2013; Obreht et al. 2014). Since nitrogen is one of the
basic elements of vegetal life, the nitrogen content of soil
or sediment is informative of (past) vegetation patterns
(Jenny 1941; Post et al. 1985). During the uptake of
nitrogen by plants, the abundant isotopes of nitrogen,
14Nand 15Nare fractionated, due to the favoureduptake
of the lighter 14N (Robinson 2001). The resulting
nitrogen isotope ratio (d15N) is mostly interpreted as a
proxy of the characteristics of the biogeochemical
nitrogen cycle (Amundson et al. 2003; Obreht et al.
2019).Characteristicsof thenitrogencycles, inparticular
openness and closeness, are determined by e.g. the input
and losses of nitrogen within an ecosystem (Amundson
et al. 2003). A significant input or severe losses of
nitrogenwithinasystemopens thenitrogencycle, leading
to an increase of the d15N ratio (Zech et al. 2011). There
are also studies on the linkage of d15N to (palaeo-
)climatic parameters such as precipitation or tempera-
ture (Aranibar et al. 2004; Terwilliger et al. 2008; Schatz
et al. 2011). Despite its wide application in recent
ecological studies of plant-soil systems (Delwiche &
Steyn 1970; Evans 2001; Aranibar et al. 2004; Szpak
2014; Craine et al. 2015), palaeoenvironmental recon-
structions based on the d15N ratio of LPS are still scarce
(Zech et al. 2007, 2013; Schatz et al. 2011; Obreht et al.
2014; Liu & Liu 2017).

The Carpathian Basin is of special interest for
palaeoenvironmental reconstructions based on LPS
because its deposits are the thickest and most complete
archives for Quaternary environmental changes in
Europe (Markovi�c et al. 2015; Obreht et al. 2019).
Covering partially the last one million years, the loess
deposits of theCarpathian basin bear information about
the climatic and environmental fluctuations of the Early

to Late Pleistocene (Markovi�c et al. 2011). Due to its
characteristics, the Carpathian Basin acted as a glacial
refugium for flora (Willis et al. 2000) and fauna (Varga
2010; Wielstra et al. 2013). It is also supposed to be a
gateway of hominids, especially anatomically modern
humans, into Europe (Hauck et al. 2017; Chu 2018;
Staubwasser et al. 2018). In that context, knowledge of
the environmental conditions during the Pleistocene
within the Carpathian Basin is fundamental.

Here we present the results of a high-resolution stable
isotope study of two Middle to Late Pleistocene LPS
from theCarpathianBasin, covering the last two to three
glacial–interglacial cycles. Our aims are (i) to detect the
commonalities and differences in two archives from
central-eastern Europe, (ii) to exploit the potential for
regional palaeoenvironmental inferences from a stable
isotope approach, and (iii) to apply known geochemical
methodsbasedonstablecarbonandnitrogen isotopeson
deposits older than the last glacial cycle. In this context,
we performed methodological tests on (i) the complete-
ness of carbonate removal and (ii) on the reproducibility
of d13Corg measurements of samples with a generic low
content of organic carbon (TOC), such as typical loess.
These tests are conducted to complement known
methodological works and issues (Gauthier & Hatt�e
2008), and to expand the critical evaluation of the proxy
to older loess deposits. Besides a palaeoenvironmental
reconstruction for two different settings within the
southern Carpathian Basin, methodological implica-
tions on past and future stable carbon isotope studies, as
well as thepotential ofd15Nasauseful proxy forqualities
of (palaeo-)ecosystems are presented.

Study area and sampling sites

The Carpathian Basin subsided due to the orogenesis of
the Alps, the Carpathians and the Dinarides. This
subsidence favoured thick Neogene to Quaternary sed-
iment infills. The surface geology of the Carpathian
Basin is thereforedominatedby sedimentary successions
(Bergerat 1989; Horv�ath 1993; Dolton 2006). These are
mainly of lacustrine (K�azm�er 1990), fluvial (G�abris
1994)oraeolianorigin (Ruszkiczay-R€udigeret al.2009).
During the Pleistocene, large braided river and alluvial
fan systems developed along the Danube and its tribu-
taries (G�abris 1994; L�oczy 2008;Mikl�os&Neppel 2010;
Mikl�anek 2012). These fluvial sediments providedmajor
dust source areas for aeolian deflation (Smalley&Leach
1978; Buggle et al. 2008; Smalley et al. 2009; Lehmkuhl
et al. 2018). The deflated material was deposited in the
Carpathian Basin in the form of aeolian sands (Sebe
et al. 2011, 2015; Kiss et al. 2012; Gavrilov et al. 2018)
and loess (Haase et al. 2007;Markovi�c et al. 2008, 2012;
S€umegi et al. 2011; Sprafke 2016; Zeeden et al. 2016;
Lehmkuhl et al. 2018; B€osken et al. 2019). The LPS of
the Carpathian Basin are amongst the most complete
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terrestrial archives for the Quaternary in Europe
(Markovi�c et al. 2015) and have been intensively studied
for palaeoclimatic andpalaeoenvironmental reconstruc-
tions as well as for (geo-)archaeological investigations
(e.g. Markovi�c et al. 2016; B€osken et al. 2017).

The Semlac loess sequence, located in the Arad
plain in Romania in the southeastern Carpathian
Basin (latitude 46°70N, longitude 20°570E, altitude
~100 m a.s.l., Fig. 1), is a natural outcrop on the
northern bank of the Mures� river. The plain is
covered with alluvial sediments and loess derivates
(Lehmkuhl et al. 2018), which were deposited on a
plateau. The recent climate is warm moderate, with a
mean annual precipitation (MAP) of less than
600 mm and precipitation maxima in summer. The
mean annual air temperature (MAAT) of the nearby
Arad climate station is about 11 °C (climate-data.org
2019). The plateau-like deposit is 10.75 m thick and
covers the last three glacial–interglacial cycles. The
basal part of the section (10.75–9.95 m) is a brownish
loess (L4) and shows greyish spots with rusty halos
(Fig. 2). This part is intensively manganese spotted.
The palaeosol above (S3) is characterized by reddish
colours (9.95–9.30 m), transitioning into more brown-
ish hues (9.30–9.05 m). Between 9.05 and 8.35 m, a
layer of brown loess can be found (L3). The above
lying palaeosol shows reddish-light brown shades
until 7.53 m and changes to darker colours above
until 6.86 m. Between 6.86 and 6.34 m, the palaeosol
has a dark brown colour. This part is also influenced
by secondary carbonate precipitations. The top of the
palaeosol is characterized by a transitional horizon
between 6.34 and 6.18 m towards the overlying loess
(L2). This loess package, which reaches until 3.02 m,
is characterized by varying colours and carbonate
concretions. The last interglacial pedocomplex (S1)
comprises a 52-cm-thick weak brown chernozem,
which is followed by a 50-cm-thick dark brown
chernozem. The overlying loess (L1LL2, 2.02–
1.63 m) shows some crotovinas. Between 1.63 and
0.97 m, a brown loamy soil occurs (L1SS1). Above
that, a layer of light brown loess adjoins (0.97–
0.35 m, L1LL1), which is topped by a dark brown,
slightly eroded chernozem (0.35–0 m; S0). The
nomenclature of the loess and palaeosol layers of
both sections is applied according to Markovi�c et al.
(2015). For more detailed stratigraphical information
see Zeeden et al. (2016). The section was sampled in
2010.

The Irig section (45°050N, 19°520E, ~180 m a.s.l.) is
exposed in a brickyard in the southern foothills of the
Fru�skaGoraMountains in Serbia, which are covered by
a loess mantle, which thins up with increasing elevation
(Markovi�c et al. 2012; Lehmkuhl et al. 2018). It is
located at the eastern bank of the Jelence creek. The
nearby climate station of Belgrade showsMAPamounts
of 691 mm and a MAAT of 12.5 °C (hidmet.gov.rs

2019). The lowest part of the section is dominated by a
pedocomplex (S2, an equivalent of MIS 7, Fig. 2). This
pedocomplex shows more brownish colours at the base
and it transitions into reddish shades above. The over-
lying loess (L2, until 5.1 m) is characterized by a slight
colour change towards lighter hues in theupperhalf.At a
depth of around 8.20 m, a tephra layer occurs. The
transition between this loess package and the overlying
palaeosol (S1, 5.1–4.3 m) is sharp. The strong brown-
reddish palaeosol is topped by a 1-m-thick loess layer
(L1LL2). Two chernozem-like palaeosols (3.3–3.0 m:
L1SS1SSS2; 2.4–2.0 m: L1SS1SSS1) are intercalated by
a thin layer of loess in L1SS1LLL1. Between 2.0 and
0.45 m, porous, yellow loess is visible (L1LL1). The
sequence is topped by a modern chernozem (0–0.45 m,
S0). The outcrop was initially investigated by Markovi�c
et al. (2007) for sedimentologyandmalacology.Thehere
investigated section was resampled with stratigraphical
overlap in 2009 for the upper 6 m and in 2013 for the
lower 4.15 m.

For the geochronology for Semlac, the reader is
referred to the published luminescence-based age model
byZeedenet al. (2016).Theagemodel for Irig isbasedon
results fromMarkovi�c et al. (2007). The model relies on
four luminescence ages and the use of amino acid
racemization. However, the dating was not performed
on the exact same section, and we state that the time
constraint is established on the glacial–interglacial scale
following the stratigraphicalmodel fromMarkovi�c et al.
(2015).

Material and methods

Sampling

At both sections, the profile wall was carefully cleaned
prior to sampling to remove weathered and relocated
material from the surface. While cleaning, several cm to
dm, depending on the structure of the wall, were taken
away. Sampling was conducted in continuous sampling
trenches in5 cm increments.The sampleswere takenwith
cleaned tools and packed in sterile plastic bags to avoid
contamination. Both sections were sampled in sub-
profiles with a stratigraphical overlap and were corre-
latedbyusingmagnetic susceptibility andgrain-sizedata
in order to obtain seamless stratigraphical columns for
both sections.

Sample preparation and methodological and
reproducibility tests

Since there is a multitude of methods for carbonate
removal from soil and loess samples and they have a
crucial impact on the elemental and isotopic signature of
the samples (Gauthier&Hatt�e 2008; Brodie et al. 2011),
wecomparedtwomethods: the fumigationmethod (FM)
using silver (Ag) capsules and the wet chemical decalci-
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fication method (WC). The methods were used and
compared with respect to their ability for complete
decalcification.

A sample set from Irig (n = 119) was decalcified using
pre-weighed silver capsules using the FM according to
Harris et al. (2001). The Ag capsules containing ~50 mg
of sample anda fewdrops of deionizedwaterwereplaced
in a desiccator together with a glass container filledwith
36%HCl. The desiccator was placed under vacuum and
the sampleswere left to react for 6 h.Finally, the samples
were allowed to dry over a hot plate at ~50 °C; the
capsuleswere crimpedand thed13Canalyseswere carried
out with a Carlo Erba NC 2500 elemental analyser
coupled toaDeltaplus continuous flow isotope ratiomass
spectrometer via a Conflow II interface (Thermo Finni-
gan MAT). The measurements were conducted at the

Laboratory for Soil Science and Soil Geography at
Bayreuth University (Germany).

All other WC preparation and geochemical measure-
ments (d13Corg, d

15Nbulk, TOC, TN) were performed in
the laboratory of the Institute of Bio- and Geoscience,
Forschungszentrum J€ulich GmbH (Germany). Initially,
7 g of each sample was ground for 60 s at 80 r/min in a
Retsch ball mill for homogenization. For the measure-
ment of bulk nitrogen isotopes and the total nitrogen
content, no further pretreatment was necessary. For the
measurement of d13Corg and the total organic carbon
(TOC) content sampleswere decalcified bywet chemical
treatment.About 150 mg of each samplewasweighed in
centrifuge tubes, treatedwith25 mLofhydrochloricacid
(HCl, 5%) and kept in a 50 °C water bath for 4 h (see
sectionDiscussion -Methodological and reproducibility

Fig. 2. Schematic stratigraphies of the Semlac and IrigLPS (simplified). Subunits are labelled according to the stratigraphical systemofMarkovi�c
et al. (2015). Published luminescence ages (Semlac: Zeeden et al. 2016; Irig: Markovi�c et al. 2007) and total hydrolysate alloisoleucine/isoleucine
(A/I) values for the gastropod genera Pupilla and Vallonia for Irig (Markovi�c et al. 2007) are given. Note that the position of amino acid
racemization and luminescence samples in Irig are given relative to the stratigraphical units, since the studied section is not the same as the section
investigated byMarkovi�c et al. (2007).

Fig. 1. A. Location of the study areawithin Europe. B. Distribution of aeolian sediments in the study area (modified according to Haase et al.
(2007) and Lehmkuhl et al. (2018)). Shown are both of the investigated LPS, Irig and Semlac, aswell as other discussed LPS: Tokaj (Schatz et al.
2011),Crvenka (Zech et al.2013;Markovi�c et al.2018), Surduk (Hatt�e et al.2013) andBelotinac (Obreht et al. 2014).Elevations<300 ma.s.l. are
shownas the upper topographic boundary for loess distribution andarchaeological open-air findings in theCarpathianBasin (Hauck et al. 2017).
C.Cross-sectionsof the topographyand theoutcroppingQuaternary sediments (top)and theMAATandMAPalongaSW–NEtransect (bottom).
Climate gradients are derived from data by Karger et al. (2017). The location of the cross-section is indicated in panel B.
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tests). Afterwards, sampleswerewashed and centrifuged
repeatedly with 45 mL of deionized water, in order to
remove the remnants of the hydrochloric acid. Tubes
were sealedwithperforated tin foil, frozenat�20 °Cand
freeze-dried. Based on the tests described belowmethod
was used for decalcification in our study.

Toensurecompletedecalcificationofour sampleswith
this procedure, methodological tests concerning the

efficiency with regard to the resistant carbonate siderite
(FeCO3) and the time of chemical treatment were
conducted (Vuillemin et al. 2020). First, a technical
grade, industrial sample of sideritewith an initial carbon
content of 8.7% was decalcified. About 200 mg of the
sample wasweighed in centrifuge tubes and treatedwith
hydrochloricacid (25 mL,5%)at50 °Cinthewaterbath.
Treated samples were removed from the water bath in

Table 1. Summary of the results of the methodological tests (&).

Irig Semlac
Fumigation method Wet chemical

acidification (4 h)
Wet chemical
acidification (2 h)

Wet chemical
acidification (4 h)

Mean �20.2 �24.2 �24.6 �25.4
Maximum �7.3 �22.8 �22.2 �23.2
Minimum �25.4 �25.7 �25.6 �26.0
Range 18.1 2.9 3.4 2.8
SD 4.8 0.6 0.7 0.6

Fig. 3. The effects of different acidification treatments onTOCand d13Corg composition.A. TOCcontent fromSemlac after 2 (dashed line) and 4
(solid line) h of wet chemical carbonate removal. B. d13Corg composition of Semlac after 2 (dashed line) and 4 (solid line) h of wet chemical
carbonateremoval.C.d13Corgcompositionof Irigafter fumigationmethod(dashedline)andwetchemicalcarbonateremoval (4 h, solid line).ForB
and C carbonate content (grey line) is given for comparison.
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duplicate every hour for a period of 6 h and again after
24 h.Afterwashing and freeze-drying,mass loss, carbon
content and d13C ratio of the residue were measured.

Inorder to transfer the findings fromthe siderite test to
sediment samples, a set of samples from Semlac (n = 95)
was treated with the WC decalcification as described
above for 2 as well as for 4 h. Samples were chosen from
the entire section. The TOC contents and the d13C ratio
were measured to determine the impact of the longer
treatment.

Additionally, a d13Corg reproducibility test was per-
formed on conspicuous samples with low TOC contents
from the Semlac profile (n = 37), which showed large
scatter relative to the samples below or above. For these
samples, subsamples were taken. For 12 of the samples,
five subsamples were taken and two subsamples were
analysed from another 25 of them. These samples were

taken from layers with very low TOC content. All these
110 subsamples were treated with wet chemical acidifi-
cation for 4 h.After washing and freeze-drying the TOC
content as well as the d13C ratio of the residue were
measured.

Stable isotope and elemental measurements

Lyophilized samples were carefully homogenized with a
spatula. An amount of sample to provide about 30 lg of
nitrogen (typically 15–70 mg dry matter) was weighed
into tin capsules for total nitrogen content (TN, inwt.%)
and total nitrogen isotope (d15Nbulk) determinations.
Likewise, an amount of sample providing about 100 lg
of organic carbon (typically 5–130 mg dry matter) was
weighed in tin capsules for total organic carbon content
(TOC, in wt. %) and organic carbon isotope (d13Corg)
analyses. The amounts of laboratory standards were
adjustedaccordingly tomatch the signal of the respective
samples in the isotope-ratio mass spectrometer (IRMS).
The packed samples were combusted at 1080 °C in an
elemental analyser (Flash 200, Thermo Scientific) with
automated sample supply linked to an IRMS (Delta V
Plus, ThermoScientific) for nitrogen and in an elemental
analyser (EuroEA, Eurovector) with automated sample
supply linked to an IRMS (Isoprime, Micromass) for
carbon. Peak integration was used to determine TN and
TOC contents and for calibration against elemental
standards. All isotope results are reported in & in the
common d notation according to the equation

d ¼ Rsample=Rstandard � 1
� �

x1000 ð1Þ

where R is the isotope ratio (13C/12C, 15N/14N) of the
sampleandstandard, respectively.Calibrated laboratory

Fig. 5. Reproducibility of carbon isotope analysis given as maximal
difference between replicates of single samples in relation to mean
organic carbon content of the given samples. Black squares describe
maximum difference for samples (TOC <0.15%) with five replicates,
whereasopencircles describemaximumdifference for sampleswith two
replicates. The grey dashed line shows the mean of mean replicate
differences for sampleswithTOC <0.15%,which is 0.46&, whereas the
respective mean of the second sample set is 0.12&.

Fig. 4. Destruction of siderite bywet chemical acidification (20 mLHCl (5%), 50 °C) as a function of the treatment time (modified according to
Vuillemin et al. (2020)). Given are total mass loss of siderite sample (open diamonds), loss of carbon (black diamonds) and the respective stable
isotope composition (black circles). Note that total mass and carbon loss seem to be almost constant after 4 h, whereas the stable isotope
composition declines further. The vertical red line marks the treatment duration finally chosen for this study (4 h).
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standards (Table S1) were used to ensure the quality of
analyses and to scale-normalize the raw values to the
isotopic reference scales VPDB for carbon and AIR for
nitrogen. The general precision of replicate analyses is
estimated to be better than 5% (rel.) for carbon and
nitrogencontent and<0.1& ford15Nbulkandd

13Corg, but
considerably increases for samples with low TOC (see
sectionDiscussion -Methodological and reproducibility
tests).

The loss of mass during decalcification is used as a
proxy for and therefore equated with the carbonate
content. Carbonate content analyses are based on the
assumption that no other components such as iron
oxides are removed during sample pretreatment. The
TOC content is calculated using the carbon content of
thedecalcified sample (Corg) and the sample residue after
decalcification (HClinsoluble), using Equation 2:

TOC %½ � ¼ Corg %½ �xHClinsoluble %½ �
100

ð2Þ

Results

Methodological and reproducibility tests

The comparison of the FM to theWC shows remarkable
differences between the two methods. The mean d13Corg

value of the sample set decreases from �20.2& for the
FM to�24.3& for theWC (Table 1). The d13Corg range

declines bymore than 15.0&, namely from18.1 to 2.9&.
In comparison to theWC (WCIR 4 h), enriched values of
up to �7.3& occur with the FM (Figs 3C, S1, S3). For
both methods, the minimum isotope ratios show
comparable values of�25.4 and�25.7& (Table 1).

The results of the siderite decalcification test are shown
in Fig. 4. The (relative to calcium carbonate) more HCl-
resistant siderite (Larson et al. 2008) was subsequently
dissolvedandafter4 to6 habout98%of the initial sample
mass (impure siderite)was removedby theacid treatment.
Accordingly, the d13C-ratios decreased towards the sig-
nature of organic matter. Between 6 and 24 h, almost no
further change can be observed. Considering that siderite
concentrations in natural soil samples are generally low
and not in the range of our test sample, these results show
that the WC treatment effectively removes siderite and
suggests a decalcification time between 2 to 4 h. This also
avoids unnecessarily long treatment times that often bear
the riskof secondary effects on the samples (Brodie et al.
2011).

To test the influence of the treatment time on actual
loess and palaeosol samples, selected samples from
Semlac were treated for 2 and for 4 h with the WC
method. The results showed that a doubling of the
treatment time overall leads to a small increase of the
TOCcontent.ThemeanTOCvalue increased from0.2 to
0.23% and the range increased from 0.47 to 0.53% (see
Table 1). These differences are within the analytical
uncertainty.

The influence of the treatment time on the d13C ratio is
more notable as the mean value decreases from �24.6 to

Fig. 6. Carbonate, TOC and TN contents aswell as C/N ratio for the Semlac (left part) and Irig (right part) LPS. Stratigraphical correlation was
done according to the stratigraphical system of Markovi�c et al. (2015). Note the logarithmic scales for TOC and TN.
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�25.4& and the rangeof variability narroweddown from
3.4 to 2.8& (Figs 3B, S2; Table 1). The longer treatment
time might lead to additional carbon losses other than
carbonates, which might explain the observed d13Corg

changes. More likely, these results indicate that after 2 h
of HCl treatment, traces of inorganic carbonates can still
remainwhereas after 4 h ofHCl treatment decalcification
of our samples is complete. Therefore, a treatment time of
4 h was eventually chosen for this study.

The d13Corg reproducibility test was conducted on
selected samples from Semlac, with TOC contents
ranging between 0.67 and 0.08%. Within the replicates,
the TOC content showed variations with maximum
differences ranging from 0.01 to 0.05%. The respective

d13Corg values showed considerable variability between
the replicates that is partly outside the analytical uncer-
tainty. This is especially evident for sampleswith amean
TOC content of less than ~0.15% where the maximum
spreadwithin replicates of a single sample reaches up to
2.7& (Fig. 5, black squares). The respective mean of
mean differences for replicates (n = 5) of this data set
calculates to 0.46& (TOC <0.15%), whereas themean of
mean differences between replicates (n = 2) for the data
set covering the whole TOC range (Fig. 5, open circles)
shows an average of 0.12&. This suggests that in LPS
studies samples with low TOC contents (<0.15–0.2%)
need higher replication to improve accuracy and preci-
sion of the respective d13Corg values.

Table 2. Overview of ranges of d13C ratios for different archives: loess organic matter (OM) from southeastern Europe, western Europe, China,
CentralAsia and theUSA, fromsoilOM, loess bulk carbonates, loess earthwormgranules andpedogenic carbonates.Note that the carbon isotope
values for carbonates tend to higher values compared to OM.

d13C ratio (&) References

Loess OM southeastern Europe �27.0 to�21.0 This study, Zech et al. (2013), Obreht et al. (2014), Schatz et al. (2011), Hatt�e et al. (2013)
Loess OMwestern Europe �25.4 to�16.9 Hatt�e et al. (2001), Pustovoytov & Terhorst (2004)
Loess OMChina �25.5 to�16 Weiguo et al. (2005), Youfeng et al. (2008), Gu et al. (2003)
Loess OMCentral Asia �26.1 to�19.5 Rao et al. (2013), Yang &Ding (2006)
Loess OMUSA �24 to�16 Muhs et al. (1999)
Soil OM �28.0 to�13.4 Stevenson et al. (2005), Nordt et al. (1998), Midwood & Boutton (1998)
Loess bulk carbonates �12.9 to 0 Frakes & Jianzhong (1994), Pustovoytov & Terhorst (2004), Rao et al. (2006)
Loess earthworm granules �15.4 to�9.5 Prud’homme et al. (2018)
Pedogenic carbonates �10.8 to +0.5 Stevenson et al. (2005), Ding & Yang (2000)

Fig. 7. Stable organic carbon (d13Corg) and bulk nitrogen isotope (d15N) compositions for Semlac (left part) and Irig (right part).
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Geochemical analyses

Semlac. – The results for the carbonate content, TOC
andTNaswell as theC/Nratioare summarized inFig. 6.
The carbonate content in Semlac varies from 11.7%
(7.65 m below surface (b.s.)) to more than 50% (directly
underneath S1, ~3 m b.s.). The lower half of the section
shows low carbonate contents. They exceed 20% only at
the top of S2 and in several singular peaks in L3. In the
upper half of the profile, a general enrichment of
carbonate canbedetectedat thebaseorbelowpalaeosols
with the overall maximum right below S1. The top of the
palaeosol is characterized by a slight decrease in
carbonate, whereas the L1LL2 loess shows higher
contents. The interstadial soil L1SS1 shows a decrease
to around 20% compared to the overlying loess L1LL1.

The TOC follows the stratigraphy as relatively high
values can be found in the recent topsoil (>1%) and the
palaeosols. A generally increasing trend of TOC in the
palaeosols compared is visiblewithdecreasingdepth (S3:
>0.2%;S2:>0.4%;S1:>0.5%).TheL3 loess showsaslight
declinecomparedto the lowermostpalaeosol.Within the
loess layer, constant values of around 0.1 to 0.15%occur.
The S2 palaeosol is characterized by an increase of TOC
in the top of the soil, whereas the values at the base
decrease to ~0.1%. The lower part of the L2 loess shows
TOC contents of up to >0.2%, with a decreasing trend
towards the top (0.1%). The S1 palaeosol shows a similar
pattern as the S2, although the values are higher, and the
soil ismuch thinner.The last glacial loess showsrelatively
high concentrations (0.25–0.4%) showing no clear
distinction between the interstadial soil (L1SS1) and
the loess packages (L1LL1 and L1LL2).

The total nitrogen (TN) content ranges from 0.01 to
0.15% and correlates strongly with the TOC content (r =
0.87).The lowermostpartof the section showsaconstant
increase until the S2 palaeosol, which does not corre-
spond to the TOC pattern. The S2 soil itself shows an
increase,which corresponds toan increase inTOC in this
layer.Atadepthofaround5 m, theTNcontents increase
to up to 0.07%. Above, the L2 loess is characterized by
constant values of 0.01%. Between the base of the S1
palaeosol to the topof the sectionTNiscoherentwith the
TOC values.

The interglacial palaeosols S2 and S3 dominate the
resultingC/Npattern of the lower half of the profilewith
striking maxima of >8 (S2) and >6 (S3).The C/N ratio
shows a rather narrow range of 6 to >8 for the upper 3 m
until the base of S1. Two local minima can be found at
depthsof3–3.5 m(topL2)andat 5.2–5.7 m(baseofL2).

The results of the measurements of carbon and
nitrogen isotopes are summarized in Fig. 7. For the
Semlac LPS, the d13Corg ratio varies between�26.3 and
�23.2&, with a mean value of �25.2&. The carbon
isotope signal shows no significant correlation to any
other presented proxy (rTOC = 0.0014; rTN = 0.15; rC/N =
0.19; rd15N = 0.03). The d13Corg ratio does not follow the

stratigraphy, as the values in the lowermost part scatter
from less than�26.0 to�24.8&without any clear trend.
At the base of S2, the ratio reaches values of around
�25.5&. Within the soil, a slightly increasing trend
towards the top is visible. Between 6 and 4 m, the carbon
isotope ratios scatter strongly between �25.5& and the
absolute maximum of �23.2&. The uppermost part
shows only a slightly increasing trend.

The d15N values show a stronger dependence on the
stratigraphy. The values vary between 4.4& (10.55 m
b.s.) and9.9& (1.5 mb.s.),with anoverallmeanof 7.2&.
The basal part is characterized by a steady increase to
valuesof>9&. This is consistent throughout the toppart
ofL4, theS3palaeosol, aswellas theL3 loess.Thepeakof
this increase is at the base of S2, whereas the palaeosol
itself is characterized by aminimum.The values increase
again towards the topof the soil, forming abroadpeak in
the lower part of L2. The upper part of this loess layer is
againcharacterizedbyconstant, rather lowvalues.At the
base of S1, a small peak is visible, which is followed by a
slight decrease. The values increase towards the top,
reaching their absolute maximum in the L1SS1 palaeo-
sol. Above, the ratios decrease again. d15N correlates
weakly to moderately with TOC and TN (rTOC = 0.44;
rTN = 0.53). The correlation to the C/N ratio is not
significant for the whole sequence. Within the layers L2
and S2, however, the d15N ratio is strongly negatively
correlated to the C/N ratio (rL2 =�0.67; rS2 =�0.7).

Irig. – The carbonate content in the IrigLPSvaries from
23.1% in the S2 palaeosol to 56.6% below S1. In general,
there is a trend of carbonate depletion visible within and
an enrichment below the soils. Especially the thick loess
packages show a decreasing trendwith increasing depth.
The thinner loess L1SS1LLL1, between the interstadial
soils L1SS1SSS1 and L1SS1SSS2, shows a slightly
increasing carbonate content with depth.

The base of the profile is characterized by constantly
lowTOCcontentsof~0.1%throughout theupperpartof
S2aswell as theL2 loess.The interglacial S1 soil showsan
increase toaround0.4%.ThepalaeosolsL1SS1SSS1and
L1SS1SSS2 show only slight increases, whereas the last
glacial loess layers showdepleted values of around 0.3%.
The highest TOC contents occur in the recent soil,
exceeding values of 1.5%.

The total nitrogen content varies from0.02%belowS1
to0.47%in the recent topsoil. In the lowerpart, belowthe
S1 soil, theTNvaluesareconstantly low. In theL1LL1as
well as the L1LL2, the values are 0.3%, whereas in the
layers between 1.75 and 3.25 m as well as the S1, the
concentrations are around 0.4%. TN and TOC correlate
very strongly (r = 0.99).

The resultingC/N ratio shows a scatter around avalue
of 8 with a maximum of more than 10 until a depth of
1.75 m. The lower part of the profile to its base is
characterized by a slightly increasing tendency with
depth, ranging between 4 and 6 (Fig. 6). The S1 soil is
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characterized by a distinguished peak in C/N, followed
byarapiddecline.Theoverlying loess showsadecreaseof
the ratio, whereas the L1SS1LLL2 soil shows a distinct
increase. Between 4 and 1.75 m, a slight increase is
visible. From the maximum at the depth of 1.75 m, the
values are scattered to the top of the profile.

The lowest d13C ratios for Irig (�25.7&) are located
at the top of the profile within the S0. At the base of
the recent topsoil, the maximum of �22.8& can be
found (0.55 m) in the S0–L1LL1 transition. The
variations within certain layers are larger in the lower
half of the profile, with the strongest scatter between
5.5 and 6.5 m. The S2 palaeosol is characterized by a
small increase in the isotopic ratio compared to the
overlying loess. The transition towards the L2 is
characterized by an increasing trend in isotopic
composition, reaching values of >�24.0& at a depth
of ~6 m. Within the S1 soil, the isotopic ratios are
depleted compared to the loess package below. A small
peak of around �24.0& is located within the L1LL2
loess. The ratios between the L1SS1SSS2 and
L1SS1SSS1 increase towards the top, whereas the
L1LL1 loess shows ratios varying around �24.5&.
The topsoil is in its lower parts characterized by values
of <�23&. The uppermost samples show the lowest
ratios with the absolute minimum of �25.7&. There is
no significant correlation between d13Corg derived
from the WC decalcification for 4 h and any other
parameters (rTOC = 0.014; rTN = 0.0072; rC/N = 0.05,
rd15N = 0.03).

The d15N ratio for the Irig LPS varies between 2.9& in
the recent topsoil and 9.3& in the L1SS1LLL1 loess
layer. The mean value of all samples is 6.6&. The S2
palaeosol is characterized by a small peak in nitrogen
isotope ratios (~7.0&). Within the L2 loess, the values
are rather constant with a slightly decreasing tendency
towards the top. In the upper part of L2, the values
decrease again to a local minimum of ~5.0&. The basal
part of the S1 palaeosol shows apeak, whereas the upper
part of the soil is characterized by decreasing values.
Within the last glacial loess, the values increase towards
the top and reach their absolute maximum in the
transition between the L1SS1LLL1 loess layer and the
palaeosol above. In the L1LL1 loess, the values decrease
again and reach their absolute minimum in the upper-
most samples of the recent topsoil. There is no corre-
lation between d15N and TOC (r = 0.05) or TN (r =
�0.06), but a medium-strong relationship between d15N
and the C/N ratio (r = 0.54), especially within the L2
loess (r = 0.66).

Discussion

Methodological and reproducibility tests

The tests, regarding both the method of decalcification
and thepretreatment time, show the significant influence

of the decalcification method on the d13Corg signal. All
d13C ratios,with one exception,were loweredwhenusing
the WC treatment instead of the FM and by the longer
treatment during WC, (Figs 3, S1, S2). Inorganic
carbonates in general have carbon isotope signatures
between �15.0 and +0.5&, whereas terrestrial organic
matter has d13C values mainly between �28.0 and
�25.0& (Table 2).

Thus, we conclude that the systematic shift towards
lower organic carbon stable isotope values within our
methodological tests are due to the incomplete removal
of carbonates fromthe samples, especiallywith respect to
the FM (Figs 3, S2, S3). The biasing effect of incomplete
carbonate removal is clearly demonstrated by a compar-
ison of d13Corg and C/N ratios of our test samples after
FM and WC pretreatment (Fig. S3). A doubling of the
treatment time of the WC caused a comparably minor
further depletion of the d13Corg values with a small
increase in TOC.This could point to residual carbonates
in the samples. Overall, our tests show that the organic
compounds of the sample were not destroyed or altered
beyond the inevitable loss of organic matter inherent to
any decalcification or drying pretreatment. Anymethod
of decalcification removes carbon, either by volatiliza-
tion of light organic compounds or by solution of easily
soluble compounds. Since the TOC contents were not
altered by a longer decalcification (Fig. 3A), we con-
clude that 4 h is a sufficient decalcification time for loess
and palaeosol samples. These findings imply that the
method of decalcification applied in stable isotope
studies on LPS needs careful quality assessment to
ensure complete removal of carbonates while preserving
all organicmatter within the samples. This is also crucial
to avoid erroneous interpretation of e.g. C4 plant organic
matter contributions from spuriously enriched d13Corg

values, or missing short episodes of C4 vegetation.
Hatt�eet al. (1999) state that thed13Csignalof soilsand

palaeosols canbe altereddue to ascending and especially
descending translocation processes due to soil forma-
tion. These processes are also influenced by sedimenta-
tion rates.Thehigher the temporal resolutionof theLPS,
the higher is e.g. the distance from the respective layer to
the associated topsoil. Our results show that even the
underlying loess layers can be influenced by such
leaching processes. Our reproducibility test further
shows that especially layers with generic low TOC
contents are prone to inaccurate or imprecise determi-
nation of organic carbon stable isotope values. Xie et al.
(2004) and Liu et al. (2007) pointed out that rapid
variations of the d13C signal could be due to the
depositionof allochthonic dustwith an inherent isotopic
signal that can overprint the d13C ratio of the loess
organic matter, even though the deposited material is
very low in organic carbon. Thus, the observed peaks of
the L2 layers at Semlac and Irig could either be due to
allochthonic organic matter or due to the high scatter of
the analytical results shown in the reproducibility test.
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Another possible source of these variations could be the
influence of (grass) roots on the organic matter compo-
sition of the sediment. For Semlac, several such root
channelswere reported for the L2 loess. In Irig, however,
no such observation was made. Due to the comparable
stratigraphical position of the fluctuations in both sites
and the absence of roots in Irig, this explanation seems
rather unlikely. Since we observed a remarkably
increased amplitude between replicates of the same
sample with TOC contents <0.2% and not only high
scatter between samples, the poor reproducibility seems
to be caused by the natural sample inhomogeneity. Even
though samples, especially fromloess layers, appear tobe
homogeneous, slight inhomogeneities with regard to
quantity and quality of the organic matter within one
sample could lead to a large scatter of d13Corg values.
Therefore, future studies should consider an increased
replication for d13Corg measurements of samples with
TOC contents <0.2%.

Palaeoenvironmental implications

The elemental carbon related records of Semlac and Irig
partly show typical courses for LPS. The organic carbon
content increases in the soils and palaeosols, whereas
carbonate is enriched at the base of the soils due to
secondary carbonate concretions as a result of e.g.
leaching and re-precipitation during pedogenesis (e.g.
Hatt�e et al. 2013). This clear trend however can only be
detected within the upper half of Semlac, since the
carbonate content and its fluctuations aremuch lower in
the lower half, potentially due to deep-reaching leaching

of carbonate. Even though a general decreasing trend in
TOC is visible with depth in both profiles, all palaeosols
are distinguishable from the underlying loess layers,
potentially indicating higher biomass production
(Schatz et al. 2011). The low contents of TOC and TN
in the loess layers can also be attributed to dilution
effects, where the organic matter is incorporated in the
aeolian sediment. Due to high accumulation rates, the
concentration of TOC is low, even though biomass
production during loess deposition can sometimes be
higher than expected from TOC contents (Zech et al.
2013). The C/N ratio, which is used as a proxy for the
bacterial decomposition of organic matter (Vidic &
Monta~nez 2004; Zech et al. 2007), shows that the
decomposition in the interglacial soils in Semlac is rather
low, as the high C/N ratios indicate no major loss of
carbon or accumulation of nitrogen. For Irig, the S1
palaeosol shows similarly high values, whereas the S2
palaeosol is characterizedby lowerratios.Fromthe latter
palaeosol, however, only the uppermost part was sam-
pled. The depleted C/N ratio of the interstadial soils can
be interpreted as the results of higher nitrogen accumu-
lationduring themicrobial decompositionof the organic
matter.

All the d13Corg ratios indicate a dominance of C3

vegetation in the study area. The values are on the upper
boundaryof typical (modern) C3 plants (O’Leary 1988).
However, this comparison has to take into account the
increase in atmospheric CO2 concentrations in the
industrial area that will have impacted the modern C3

reference values. ThepioneeringworkbyO’Leary (1981,
1988) and Farquhar et al. (1989) were conducted at a
time when the anthropogenically elevated atmospheric
CO2 concentration already influenced the vegetation
(Ehlers et al. 2015). Compared to Late Pleistocene
conditions, the recent CO2 concentrations are elevated.
Thehigherd13Cratioscanbeexplainedbythedifferences
in the atmospheric conditions since lower CO2 concen-
trations hamper fractionation of carbon isotopes and
lead to elevated isotopic ratios (Jiang et al. 2019).
However, the increased d13C ratios could also be a result
of postdepositional degradation of biomass (Hatt�e et al.
1998, 1999; Hatt�e&Guiot 2005; Obreht et al. 2014). No
major shifts towards a C4 dominance can be detected.

Since the isotopic composition of the atmospheric
CO2 did not change significantly between glacials and
interglacials (Leuenberger et al. 1992; Marino et al.
1992; Schneider et al. 2013), the concentration of CO2,
which shows a characteristic saw tooth pattern between
glacials and interglacials (Petit et al. 1999), ismore likely
to affect the carbon isotope ratio in plants (Obreht et al.
2014).Feng&Epstein (1995) investigatedempirically the
effect of varying CO2 concentrations on the isotope
compositions of trees from California and Egypt. They
concluded that an increase of 1 ppm in the atmospheric
carbon dioxide content could lead to a decrease of the
d13C of the trees of about 0.02& (Feng & Epstein 1995).

Fig. 8. Statistical comparison between (A) C/N ratio, (B) d13Corg ratio
and (C) d15N ratio for Semlac (black) and Irig (red). Error bars indicate
standard deviation.
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Since CO2 concentrations vary by around 100 ppm
between glacials and interglacials (Jouzel et al. 1993;
Petit et al. 1999; Kawamura et al. 2007), the respective
carbon isotope composition of biomass could be altered
by up to 2&. Especially for Irig, CO2 and d13C behave
inversely for the last two glacial cycles, indicating that
atmospheric CO2 was not the driving force of d13C
distribution. Below S2 in Semlac, the isotopic ratio
declines in ageneral trendwithnovisible relation toCO2.

Studies on recent plant material along precipitation
gradients in the USA (Stevenson et al. 2005) and China
(Liu et al.2005) indicate that the influenceof theamount
of annual rainfall on carbon isotopes declines when the
values exceed 500 mm per year. Various studies regard-
ing the reconstruction of palaeoprecipitation showed
that a decrease of more than 200 mm compared to
modern data is possible in glacial and interstadial times
(Hatt�e & Guiot 2005; K€uhn et al. 2013; Schatz et al.
2015). The effect of the palaeoprecipitation pattern can
therefore not be neglected during the drier periods of the
Pleistocene, since the low precipitation influences the
isotopic ratio strongly.

Statistical tests of the mean values (d13Corg, d
15N and

C/N ratio) for each lithological unit (Table S2), namely
F-tests (Tables S3–S5) and Student’s t-tests (Tables S6–
S8) conducted on both sites show that there are
significant differences between the two sites. A com-
parison of the recent climatic settings of both sections
reveals that the section of Irig is nowadays in a more
humid environment than Semlac, with a mean annual
precipitation of around 690 mm compared to 590 mm
in Semlac. Projecting the recent precipitation patterns
to the carbon isotope ratios, the d13Corg ratio should be
depleted in Irig compared to Semlac, since the enhanced
moisture decreases the water stress. The stomata of the
plants can be opened wider, and therefore a stronger
fractionation against 13C is possible, which leads to
lower d13Corg values (O’Leary 1981; Farquhar et al.
1989). The results, however, reveal that the mean values
for all layers in Irig are higher compared to Semlac,
indicating drier conditions (Fig. 8). This is supported
by d13C values from Crvenka (Zech et al. 2013) and
Surduk sections (Hatt�e et al. 2013), which show similar
values to the Irig section and suggest that the southern
part of the Carpathian Basin was dryer than the rest of
the basin. C3 grasses, which are the most probable dust
trap in the Carpathian Basin (Zech et al. 2013), tend to
have higher d13Corg values under drier conditions
(Wooller et al. 2007). The local palaeoclimate south of
the Fru�ska Gora was drier compared to other parts of
the Carpathian Basin (Markovi�c et al. 2006, 2007, 2008;
Vandenberghe et al. 2014), whereas the Petrovaradin
LPS north of the mountain range shows evidence for
more humid conditions during the last glacial cycle
(Markovi�c et al. 2005). Increasing wind exposure may
be a crucial factor as well, since it has a negative
correlation with thewater availability (Zech et al. 2007),

indicating that the local southeastern winds may play an
important role in this region (Gavrilov et al. 2018).
Other effects on the water availability, such as per-
mafrost dynamics (Vinnepand et al. 2020), can be ruled
out, based on the lack of periglacial features in the loess
deposits of the southern Carpathian Basin.

The crossover temperature, i.e. the temperature of the
growing season at which C4 vegetation dominates,
would be depleted during times with low atmospheric
CO2 concentrations. Nowadays, the crossover temper-
ature is about 22 °C (Ehleringer et al. 1997; Collatz
et al. 1998). Considering a crossover temperature of
18 °C for preindustrial times with an atmospheric CO2

concentration of 270 ppm, the temperature can be
interpolated for glacial (180 ppm) and interglacial
(220–240 ppm) periods to 10 and 12–13 °C, respectively
(Obreht et al. 2014). The dominance of C3 vegetation at
Irig indicates that the temperatures for the growing
season, which in glacial times equals the summer
months, was probably below 15 °C during the major
part of the last glacial, and likely in a range from 10–
13 °C during the last glacial maximum. These palaeo-
temperatures are on the one hand in accordance with
temperatures for interstadial periods from Nussloch in
Germany, reconstructed from d18O isotopic ratios of
earthworm granules (Prud’homme et al. 2016). On the
other hand, these data indicate that the Carpathian
Basin was notably warmer during the stadials and
especially the last glacial maximum, when compared to
western Europe. The dominance of C3 vegetation,
however, contradicts Markovi�c et al. (2007), who
assumed summer temperatures of more than 15 °C in
Irig, based on malacological data. Especially the
dominance of Chondrula tridens and Helicopsis striata
faunae in Irig indicates warm conditions since these
species are indicative of interstadials in central Europe
(Lo�zek 2001). Since the site lacks transitional and cold-
resistant species that can be found in the malacological
faunae of nearby loess sections, it was argued that the
comparably dry southern slope of the Fru�ska Gora
acted as an ecological refugium for warmth-loving
species (Markovi�c et al. 2007, 2008). The contradictive
crossover temperature derived from the stable carbon
isotope records indicates that the dominance of ther-
mophilic molluscs was not only controlled by temper-
ature, but also by aridity.

Notonly thecarbon isotopecompositionwith itsmore
negative values leads to the conclusion of drier palaeo-
climatic conditions in Irig, but also the grain size and
magnetic data as well as the palaeopedological field
observations from Semlac support this thesis (Zeeden
et al. 2016). Striking evidence for this is e.g. the remark-
able soil formation during MIS 3 in Semlac (Schulte &
Lehmkuhl 2018). Within the southeastern Carpathian
Basin, no comparable thick or intense palaeosol is
reported. In Irig, e.g. the MIS 3 is imprinted as a soil
complex, intercalatedwith a distinct loess layer, indicat-
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ing drier conditions during MIS 3. The location of
Semlacnearbythewestern foothills of theCarpathians in
combination with predominating winds from northwest
(Sebe et al. 2011; Gavrilov et al. 2018) and southeast
(Obreht et al. 2015;Gavrilov et al. 2018), aremost likely
to explain thedifferences in (palaeo-)moisture regimesof
both sites. The sediments in Semlac are generally
influenced by long-range transport, with fine, homoge-
neous loess layers (Schulte et al. 2014; Zeeden et al.
2016), whereas the source areas of LPS of the southern
Carpathian Basin are usually the nearby fluvial deposits
within the basin (Obreht et al. 2019). This variation
could be a reason for the large scatter between 4 and 6 m
in Semlac, since allochthonous organic matter can
superimpose the in-situ signal, even if the TOC content
is low (Xie et al. 2004; Liu et al. 2007). No systematic
change, either in climate or vegetation, could be linked
reliably to these fluctuations. All these peaks, however,
are in the range detectedby the reproducibility test. Even
though the reproducibility test was not conducted for
samples from Irig, the same issues should be considered
here.The lowTOCcontents (0.1%) indicate that thesame
analytical issues may affect the L2 layer as the corre-
sponding layer in Semlac. Additionally, the d13Corg ratio
in Irig could also be influencedbyallochthonousorganic
matter within the deposited dust (Xie et al. 2004; Liu
et al. 2007).

Although the dominant pathwayof photosynthesis of
the palaeovegetation appears to be constant throughout
glacial cycles at both sections, the qualities of the
respective ecosystems seem to differ quite strongly. The
d15Nrecord isdependenton thesequalities, especially the
openness of the nitrogen cycle. Open N-cycles occur in
ecosystems with significant inputs or losses of nitrogen.
This leads tohigherd15Nvalues in the soil organicmatter
(Zech et al. 2011). The source of nitrogen also influences
the isotopic composition, since e.g. nitrogen that is
biologically fixed as N2 has a d15N ratio of 0�2&,
whereas other N sources are highly variable (Amundson
et al. 2003). Additionally, the nitrogen isotope ratio
seems tobepartlycontrolledby theclimate.For siteswith
a MAAT >0.5 °C, increasing temperatures produce
decreasing stable nitrogen values. The same relationship
is observed for annual precipitation (Amundson et al.
2003; Craine et al. 2009). The nitrogen isotope ratios for
Irig are generally lower than for Semlac (Fig. 8), leading
to the conclusion that Semlac has a general tendency to
more open N-cycles or that water availability is the key
factor in isotopic differencesbetween the two sites,which
is also supported by the carbon isotopes.

It is striking that the nitrogen isotope signal is
strongly connected to general climatic trends, with
generally depleted ratios in the loess layers and
elevated values in the palaeosols, especially at the

Fig. 9. Comparison of the organic stable carbon isotope records from the Carpathian Basin: Tokaj (Schatz et al. 2011), Semlac (this study),
Crvenka (Zech et al. 2013), Irig (this study), Surduk (Hatt�e et al. 2013) and Belotinac (Obreht et al. 2014), sorted from north to south.
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bases. This is in agreement with findings from recent
soils, where the d15N ratio increases with depth
(Amundson et al. 2003). These variations show the
interplay between soil (forming) processes and the
nitrogen isotopic composition. High mineralization
rates in soils as well as high input rates of nitrogen
lead to higher N release. For Semlac, the lowest
values are measured in the L4, increasing gradually to
S3. Untypically, the L3 loess package also shows a
steady increase, but this could be due to leaching
effects of organic matter in the form of particles,
colloids or dissolved organic matter (OM) from the
thick interglacial S2 palaeosol above, which shows the
highest values at the transition to L3. The elevated
values at the base of L2 partially support the
hypothesis of the impact of allochthonous organic
matter on palaeoecological proxies such as the isotope
ratios since they partially coincide with the high
scatter of d13Corg in Semlac. In the upper part of L2,
no clear connection between the two proxies is visible.
This could be a result of different compositions of the
allochthonous material. However, the missing clear
differentiation between the sources of deflated dust
hampers a clear link. In Irig, only a small increase is
visible in the upper part of S2 and almost no
variations can be seen in the L2 loess layer. This
may be an indicator of a dilution of the signal, due to
the higher accumulation rates compared to the input

of organic material. The low TOC and TN values
with almost no spread also support this dilution.

Interestingly, the trends of the nitrogen isotope values
between Irig andSemlac is very similar for the last glacial
cycle: the S1 palaeosol is characterized by a peak at the
base, which extends to the lower part of the soil. After a
local minimum, the ratio increases again and has its
(absolute) maximum value within the MIS 3 pedocom-
plex. The high values corresponding to palaeosols
indicate a higher productivity of the ecosystem. The
higher demand for nitrogen lowers the discrimination
against 15N and increases the use of nitrate (enriched
compared to ammonium) and, therefore, leads to an
increase of the d15N ratio (Obreht et al. 2014). This is,
compared to the loess packages, a result of more
favourable temperature regimes, especially during the
vegetation period. These climatic differences also lead to
enhanced pedogenesis and therefore nitrogen losses e.g.
in gaseous state.Thedifferencesbetween interglacial and
interstadial palaeosols point to different palaeoclimatic
dynamics. Alternatively, it has been reported that d15N
values are also positively correlated with mean annual
temperature and negatively with mean annual precipita-
tion (Houlton et al. 2007; Zhou et al. 2014; Liu & Liu
2017). The d15N ratio shows a stronger enhancement in
the MIS 3 interstadial compared to interglacial soils,
suggesting that the increase in the mean annual temper-
ature during periods of soil formation was not the main

Fig. 10. Comparison of the nitrogen isotope records from the Carpathian Basin: Tokaj (Schatz et al. 2011), Semlac (this study), Crvenka (Zech
et al. 2013), Irig (this study) and Belotinac (Obreht et al. 2014), sorted from north to south.
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driving force ford15Nenhancements.However, themean
annual precipitation was likely remarkably lower during
MIS 3 than during interglacial soil formation through-
out most of the Carpathian Basin, leading to cooler but
drierconditions.Since the soil types e.g. in Irigof theMIS
3 soil complex (L1SS1SSS1, L1SS1SSS2) and the S2 are
all described as chernozem (like), it can be postulated
that the precipitation variations influenced the nitrogen
cycling of the vegetation, but not the soil formation
process. This supports studies stating that the area was
continuously dominated by steppe environments and
grasslands (Zech et al. 2013; Markovi�c et al. 2018).

Comparison to other archives

Most of the stable isotope studies from the Carpathian
Basin indicate the same palaeovegetation pattern as our
study,with apredominance ofC3-vegetation throughout
the basin, especially for the last glacial cycle and the last
45 ka in particular (Fig. 9). Although excursions to C4-
vegetation cannot be ruled out completely (Hatt�e et al.
2013; Obreht et al. 2014), no major shifts could be
detected by any of the studies. Only Hatt�e et al. (2013)
showedexcursions toC4-vegetation in theirdata set from
Surduk and related them to changes in atmospheric
circulations during the Late Pleistocene. These differ-
ences canbemostly related to thehigher resolutionof the
study, resulting from higher sedimentation rates in
Surduk during the Last Glacial cycle (Antoine et al.
2009). The Carpathian Basin seems to have acted as a
refuge for C3-vegetation. Other regions, such as Central
Asia,Chinaor theUnitedStates showclearer indications
for C4-vegetation derived from stable carbon isotope
ratios from loess organicmatter, especiallyduring glacial
times (Table 2).

The d15N records of Semlac and Irig showcomparable
results to the other archives from the Carpathian Basin
(Schatz et al. 2011), even though the temporal scales of
the archives differ (Fig. 10). For example, the LPS of
Crvenka (Zech et al. 2013; Markovi�c et al. 2018) also
shows enhanced values in the palaeosol, especially the
L1SS1. In general, the nitrogen isotope ratios for Semlac
and Irig are higher than for the other archives, which can
be explained by higher accumulation rates compared to
our study sites.All comparedsequences show,onlybased
on the stratigraphical succession, higherdeposition rates
ofmineral dust compared to Irig and Semlac. Therefore,
the relative input of organic matter and consequently
nitrogen was reduced for these sections, which led to a
lower isotopic ratio.

Conclusions

Our study shows that for carbon isotope analyses on
loess-palaeosol sequences a detailed quality control of
the applied methods is crucial, including a critical
evaluation of the applied pretreatment methods. Our

results preclude the fumigation method as an appro-
priate method for complete carbonate removal from
loess and palaeosol samples, especially for samples with
high contents of inorganic carbon. The completeness of
decalcification should be tested for both loess and
palaeosol layers, since the content, the mineralogy and
other characteristics of carbonates can differ signifi-
cantly between different sites. Moreover, we find that
d13Corg values of aliquots samples with a generic low
TOC can scatter by several per mil. This could be due to
analytical artefacts but is more likely the result of the
heterogeneity of geological samples. Irrespectively, the
weak reproducibility recommends extended repro-
ducibility tests to obtain reliable results for such
samples. The influence of e.g. allochthonous dust and
its overprinting of the in-situ organic carbon isotope
ratio can also not be ruled out. To ensure the reliability
of comparisons between archives and (supra-)regional
palaeoecological overviews, methodological and repro-
ducibility tests should be always reported. This leads to
the conclusion that stable carbon isotope studies can
also be applied to older sediments from the Carpathian
Basin.

Our studyconfirms the dominance ofC3-vegetation in
the Carpathian Basin during the Middle to Late Pleis-
tocene.Althoughwe cannot fully rule out the presence of
C4-vegetation completely by using proxy-data, e.g. due
to dilution effects, no gradual, systematic or rapid shifts
towards avegetation using another dominant photosyn-
thesis pathway are indicated by our data, neither in Irig
nor in Semlac. Our results, however, show indications of
a continuously drier palaeoclimate in Irig, compared to
Semlac. These differences can be explained by hydrocli-
matic gradients in the Carpathian Basin during the
Pleistocene. The southern part of the basin, and espe-
cially the southern slopes of the Fru�ska Gora on which
Irig is situated, acted as a biogeographical refugium for
thermophilic mollusc species, even though the July
temperatures were not much higher than in the rest of
the basin. This indicates that the abundance of ther-
mophilic species is notonlygovernedby the temperature,
but also by aridity. Despite these differences, no major
oscillations at either site were detected by the stable
carbon isotope ratios, in contrast to other proxies, which
reflect fluctuations between glacials/stadials and inter-
glacials/interstadials. For the southern Carpathian
Basin, it seems that the responses of the vegetation to
climatic fluctuations were not sensitive enough to be
detected by this method. The interpretation of past
environmental conditions is always constrained by
specific environmental and temporal scales, depending
on the analytical methods used and the ecological
processes on which the method is based. Other environ-
mental proxies, e.g. the malacofaunal abundance, can
only be reliably compared to stable carbon isotope
records when these different environmental and tempo-
ral scales are considered. The nitrogen isotope ratios,
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however, show a more differentiated pattern, where the
reconstructed ecosystem qualities seem to reflect more
the general palaeoclimatic dynamics. Especially the
interstadials are well represented by this ratio and seem
to reflect more humid phases compared to the stadials.
The interpretationof this complexproxy, however, needs
more systematic studies in loess deposits worldwide.
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