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Two loess-paleosol-sequences from the northern Harz foreland, Hecklingen and Zilly, have been investigated. In
general, loess-paleosol-sequences represent valuable terrestrial archives of regional environmental and climatic
conditions during past glacial periods. The study area is part of the northern European loess belt and was in the vi-
cinity of the Scandinavian ice sheet during the Weichselian. Aiming towards a better understanding of the
paleoenvironmental conditions during the Weichselian in an area close to the Scandinavian ice sheet, results from
grain-size, geochemical (XRF, CNS), color and magnetic susceptibility measurements are combined. The findings
demonstrate an increased input of aeolianmaterial during the last glacial maximum and the last cover loess period,
which is in accordance to the theory of drier and colder conditions during this time frame. Further, data reveal a
strong input not only of loess but also of coarsermaterial coming froma shorter distance during the last glacialmax-
imum in both profiles. Material of the last glacial maximum clearly indicates a shift of wind direction towards east-
erly winds. In Hecklingen, an enhancement of coarser material has been observed within the recent soil and MIS 3
soil material. Since soil material that dates back to theMIS 3 is present in the profile, it can be assumed that surface
processes were less intrusive during the MIS 3 and 2 than in e.g. the Lower Rhine Embayment and Saxony.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Reconstructing environmental and climatic conditions of the past is
crucial for understanding Earth's climate systemof the past and present.
For such reconstructions several types of geoarchives are available.
Loess-paleosol-sequences (LPS) often represent the best accessible ar-
chive in terrestrial environments (e.g. Fischer et al., 2012;
Fitzsimmons et al., 2012). Despite numerous attempts to define the
term “loess”, no universally accepted definition exists. This results and
causes a various use of the term “loess” and loess-like sediments at
the same time (see e.g. Pécsi and Richter, 1996; Smalley et al., 2011;
Sprafke and Obreht, 2015). Here, loess is defined as an aeolian, homoge-
neous, predominately silt-sized, calcareous and yellowish loose sedi-
ment, which covers around 10% of the land surface on Earth (e.g.
Muhs, 2007; Thome, 1998; Pécsi, 1990). As some people before and
after him, Smalley (1966) defined four criteria that have to be fulfilled
in order to result in a formation of LPS: (1) source material is required,
(2) wind is needed to transport the material, (3) a trap where loess
can accumulates has to be present, and (4) an adequate amount of
time for the accumulation and post-depositionalmodification processes
needs to be given. Usually loess accumulates in dry and cold
Krauß).
environments. Soils develop on loess during warmer and moister pe-
riods. Due to changes of climatic and environmental conditions a series
of loess and paleosols accumulates and develops, forming LPS. In com-
parison to deep-sea sediment and ice cores, LPS represent important ar-
chives of continental conditions, also close to archeological findings
(Assallay et al., 1998; Frechen et al., 2003; Pye, 1996; Pye, 1987;
Smalley, 1995; Wright, 2001; Kels and Schirmer, 2010).

The forty years of German separation complicated research on LPS in
the northern Harz foreland. As a consequence, only small isolated inves-
tigations have been done in the northern Harz foreland mostly during
the 1960s and 1970s from both former German states with a dissimilar
range of methods applied, in comparison to intensively studied areas,
like the Lower Rhine Embayment (e.g. Remy, 1960; Brunnacker, 1967;
Paas, 1968; Schirmer, 2000; Kels, 2007; Fischer, 2010). Additionally,
the region is close to the northern loess boundary, which restricts the
research area to the north. Most research done in the northern Harz
foreland focused on this transition zone, where Weichselian silt- and
sand-sized aeolian sediments both occur (Poser, 1951). Investigations
at the northern loess boundary have been done by e.g. Gehrt (1994),
Gehrt andHagedorn (1996) and Brosche andWalther (1978). Contribu-
tions from further east concerning the loess boundary are given by e.g.
Schmidt (1971), Altermann and Fiedler (1975), Billwitz and Haase
(1964), Göbeler (1966), Haase et al. (1970), Neumeister (1971) and
Schmidt (1971). A number of isolated studies have been done in the
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eastern and southeastern Harz foreland by e.g. Kunert and Altermann
(1965), Ruske and Wünsche (1961, 1964, 1968), Ruske et al. (1962),
Neumeister (1966) and Göbeler (1966). An overview of the research
done prior to 1970, covering the loess areas of the former GDR is
given by Haase et al. (1970). Attempts to broaden the knowledge of
the regional loess stratigraphy in the western Harz foreland studies on
several LPS were initiated by Rohdenburg and Meyer (1966), Bork and
Rohdenburg (1979), Ricken (1983) and Brosche and Walther (1991).
Wagner (2011) recently analyzed the spatial distribution of loess and
its derivates along the Weser-Aller catchment.

Thefirst studywhich aimed to cover a larger area of the northernHarz
foreland crossing the former border was done by Reinecke in 2006. For
about ten years now no further intense research has been done in the
northern and northeasternHarz foreland. In the eastern and southeastern
Harz foreland and east of Leipzig new investigations have been conducted
by Mania (2003), Mania and Altermann (2001), Baumgart et al. (2013),
Kreutzer et al. (2012, 2014), Meszner et al. (2011, 2013) and Zech et al.
(2013). Meszner et al. (2013) introduced a composite profile of Saxony
which indicates strong erosion phases causing hiatuses, having large de-
positional gaps, e.g. a gap between ~35–65 ka.

In general, a stratigraphical classification of the last glacial cycle in
Western and Central Europe is usually based on a locally valid nomen-
clature. This makes cross referencing challenging (e.g. Schönhals et al.,
1964; Rohdenburg and Meyer, 1966; Brunnacker, 1967; Haesaerts et
al., 1981; Schirmer, 2000; Bibus, 2002; Zens et al., 2016). For the north-
ern Harz foreland a stratigraphical classification of the LPSwas last done
byReinecke (2006). He tried to integrate the stratigraphies of the north-
ern Harz foreland into the local Late Weichselian loess stratigraphies of
Rohdenburg and Meyer (1966) and Semmel (1968). However, the lack
of solid LPS exceeding 2.5m of thicknessmakes a precise stratigraphical
classification of the LPS challenging. Except the profiles in favorable re-
lief positions (especially subrosion depressions) only a few LPS are
known exceeding 2.5 m thickness (Brosche and Walther, 1991;
Reinecke, 2006). Further, the Eltville tephra as an important marker
within the Weichselian loess is missing. It is widely accepted that the
LPS generally can only be placed into the Late and, if present, theMiddle
Weichselian without further subdivision (e.g. Merkt, 1968; Haase et al.,
1970; Brosche and Walther, 1991; Gehrt, 1994; Feldmann, 2002;
Reinecke, 2006). The first trials of narrowing down the age range of sed-
iments at the northern loess boundary (OSL-/TL-dating) suggest that
they date to the Weichselian Late Pleniglacial until Late Glacial
(Hilgers et al., 2001). Ages generated by Reinecke (2006) for LPS close
to the northern margin of the Harz Mountains suggest loess sediments
to be partially of Middle Weichselian age.

In this paper two LPS initially introduced by Reinecke (2006) are
discussed. They have been reinvestigated by using new analyticalmethods.
The aim of this paper is the expansion of knowledge concerning the
paleoenvironmental conditions during the last glacial period in an area
close to the former Scandinavian ice sheet by applying grain-size, geochem-
ical (XRF, CNS), color and magnetic susceptibility measurements. An
equivalent multi-proxy approach has not been done before in this region.

2. Regional setting

The twoprofiles, Hecklingen (N51°50.451′; E 11°31.580′; 106masl)
and Zilly (N 51°56.280′; E 10°50.643′; 182 m asl), are located in the
northern and northeastern Harz foreland (see Fig. 1) which represents
a transition zone between the flat North German Basin and the Harz
Mountains. The Hecklingen profile is located on a relative shallow an-
gled slope which follows a northwest direction with a slope angle of
2.3°. The profile faces towards the southeast. In Zilly the slope follows
a southwest direction with an angle of around 2°. The profile faces to-
wards the east.

The climate of the northern Harz foreland gradually changes from
sub-oceanic to sub-continental following awest-east gradient.Whereas
in the western Harz foreland the mean annual precipitation can reach
over 1000mm, it drops below 500mm in the eastern part of the north-
ern Harz foreland due to the rain shadow effects caused by the Harz
Mountains. The eastern part of the northern Harz foreland is part of
the so-called Central German Arid Region where annual precipitation
can even drop below 400 mm in drier years (Döring, 2004; Fabig,
2007; Haase et al., 1970; Krauß et al., 2013; Reinecke, 2006).

With a mean annual air temperature of ca. 9 °C the northeastern
Harz foreland is one of the warmer regions in Germany. Excluding
areas along the Rhine and its tributaries, there are only a few places
with comparable high or higher mean annual air temperatures. Longer
frost periods during winter time are rather the exception, resulting in
mean monthly winter temperatures above 0 °C. July and August have
similar mean temperatures with 18.4 and 18.3 °C which mark the mid-
dle of summer. In combination with low annual precipitation rates, the
mild temperature regime causes a negative climatic water balance at
least during drier years (Döring, 2004; Krauß et al., 2013).

The dominant wind direction is west-southwest and the secondary
is from the east. On average, the winter is dominated by southwesterly
to west-southwesterly winds with the highest frequency of occurrence
in January. In summer a westerly to northwesterly wind direction is
most frequent. In April and March easterly wind patterns dominate.
During the more cyclonic weather phases (January–February and
June–July) the easterly wind direction is weakest (Döring, 2004).

The northern Harz foreland is part of the Subhercynian Basin, which
is bordered by uplifted bedrock. To the northeast it is limited by the
Flechtinger-Rosslauer block and to the southeast and south by the
Halle-Hettstedter mountain ridge and the Harz Mountains. To the
northwest the basin is open. Generally, the basin is covered byMesozoic
and Cenozoic sedimentary rocks, mainly of shallow marine origin. Due
to block faulting and salt tectonics, the formerly horizontally bedded
Mesozoic layers are anticlinal in several places and show an almost ex-
clusively southeast-northwest strike trend. The synclines between
those anticlines are commonly filled with Cretaceous sediments be-
neath a Quaternary cover (see Fig. 2). This causes a slightlywavy surface
appearance (Haase et al., 1970; Patzelt, 2003; Razinksi et al., 2008;
Reinecke, 2006; Wagenbreth and Steiner, 1990).

In the northern Harz foreland Pleistocene deposits are mainly loose
sediments, which vary in thickness and composition. Those sediments
are primarily fluvial terraces, some lacustrine and (peri)glacial deposits
of the Saalian and Weichselian glacial cycle (Litt and Wansa, 2008).
Major rivers in the northern Harz foreland are the Oker River and the
Ilse River as tributaries of theWeser River. The AueRiver, theHoltemme
River, the Bode River, the Selke River and the Wipper River are
tributaries of the Elbe River. The closest river to Hecklingen is the
Bode River 2.5 km north-east of the profile. The Zilly profile is within
0.4 km south to 1 km east of the Aue River. Even though those rivers
are small, they developed large alluvial fans during the Quaternary.
For more details, see Reinecke (2006) and Lehmkuhl et al. (2016).

The loess-covered areas are part of the Northern European loess belt.
The northern edge of the loess distribution is characterized by the occur-
rence of both Weichselian silt- and sand-sized aeolian sediments. Gehrt
(1994) found that this transition zone cannot be understood as a result
of continuous sorting as Poser (1951) suggested, but as a result of multi-
ple aeolian sorting phases, where sediments get increasingly sandier the
younger they are. To the northeast the loess distribution is restricted by
the river Elbe. To the south the Northern European loess belt is limited
by the Central Germanuplands. Here the continuous loess cover disperses
into separated loess basinswhere loess can only be found up to elevations
between 400 and 500 m asl and is only present as reworked loess. The
Weichselian loess of the northern and eastern Harz foreland surrounds
the Harz Mountains in a 40 to 50 km wide belt (see Fig. 1). Generally,
the thickness of the loess cover rarely exceeds 2.5 m. However, in unique
settings (e.g. subrosion depressions) the thickness can reach several me-
ters (Haase et al., 1970; Reinecke, 2006).

Recent soils developed on the loess cover are chernozems and rego-
sols. In flood plains fluvisols are present, mainly derivatives of former



Fig. 1.Weichselian distribution of loess (orange), reworked loess (yellow), sandy loess (light yellow black dotted signature), cover sands (light brown dark brown dotted signature) (after
Haase et al. (2007); modified by integrating data given by Zagwijn and Van Staalduinen (1975) and Haesearts et al. (2011) for the Netherlands and Belgium) in context of the maximum
extent of the ice sheet during Weichselian glaciation (after Ehlers et al., 2004, 2011) in Central and Western Europe. Border of loess distribution is sharp due to Scandinavian ice sheet
margin. Triangles mark the investigation sites (a) Hecklingen and (b) Zilly.
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chernozems. Furthermore, on intensively used agricultural land
anthrosols may occur. In higher elevations cambisols and luvisols can
also appear. Due to the high soil quality of the loess covered areas, the
land is predominantly used for agricultural purposes (USS Working
Group WRB, 2015; LAGB, 2006; Zech et al., 2013).

3. Methods

3.1. Fieldwork

During June 2014 the Hecklingen and Zilly profiles were cleaned, doc-
umented and sampled for sedimentological analyses. Samples were con-
tinuously taken in a high resolution of 5 cm for multi-elemental (XRF),
CaCO3 content, environmental magnetic, color and grain-size distribution
measurements. The generated datasets are available at http://dx.doi.org/
10.5880/SFB806.28 and at http://dx.doi.org/10.5880/SFB806.27.

3.2. Grain-size analyses

In the laboratory all samples were dried at 35 °C, homogenized and
sieved to b2 mm. For further analysis, 0.1–0.3 g of the finer grain frac-
tion (b2 mm) were treated with 0.7 ml of a 30% hydrogen peroxide so-
lution (H2O2) and exposed to 70 °C for several hours to remove the
organic matter. This procedure was repeated up to three days until the
sediment showed bleaching effects (Allen andThornley, 2004). The par-
ticles were kept in suspension (to avoid the presence of aggregates and
the formation of flocculation) by treating themwith 1.25ml of 0.1M so-
dium pyrophosphate decahydrate (Na4P2O7x10H2O) for 12 h in an
overhead shaker (DIN ISO 11277, 2002; Schulte et al., 2016).

Particle-size measurements were done with a Laser Diffraction Par-
ticle Size Analyzer (LS13320, Beckman Coulter). The analyzer gives out
116 logarithmic grain-size classes within a range of 0.04–2000 μmwith
a precision below 2% CV (coefficient of variation). Each sample was
measured at two different concentrations twice to enhance the accura-
cy and averaged afterwards (Pye and Blott, 2004). For calculating the
grain-size distribution the Mie theory was applied (Fluid RI: 1.33; Sam-
ple RI: 1.55; Imaginary RI: 0.1) (ISO 13320-1, 1999; Özer et al., 2010;
Schulte et al., 2016). If the LS 13320 with additional PIDS technology
is used for laser diffractionmeasuring and theMie theory (with a useful
complex refraction index (m= n− ki)) is applied for grain-size calcu-
lation (Schulte and Lehmkuhl, 2016), the phenomenon of systematic
underestimation of the clay fraction is negligible in loess sediments.
The grain-size classes were defined after the ISO standard 14688
(2002) (see also Blott and Pye, 2012). Classes were divided as followed:
b0.2 μm for fine clay, b0.63 μm for middle clay, b2 μm for coarse clay,
b6.3 μm fine silt, b20 μm for middle silt, b36 μm for lower coarse silt,
b63 μm for upper coarse silt, b200 μm for fine sand, b630 μm formiddle
sand and b2000 μm for coarse sand. The grain-size index (GSI), first in-
troduced by Rousseau et al. (2002), as an index for wind dynamics and
atmospheric dust, was calculated by GSI = percentage of the fraction
between 26 and 52.6 μm / percentage of the fraction finer than 26 μm
(Antoine et al., 2009; Rousseau et al., 2007). The U-ratio, established
by Vandenberghe (1985), as an index for shifts between warm and
cold periods through low to highwinddynamic changes,was calculated
by U-ratio = percentage of the fraction between 16 and 44 μm / per-
centage of the fraction between 5.5 and 16 μm (e.g. Vandenberghe et
al., 1997; Vandenberghe and Nugteren, 2001). A recent overview on
loess-grain-size proxies is given by Újvári et al. (2016).
3.3. Geochemical analyses

The sample material was sieved at 63 μm and the fine (silt and clay)
fractionwas dried for 12 h at 105 °C. An eight gram aliquot of each sam-
ple was mixed with 2 g of wax binder (Fluxana Cereox), homogenized
and pressed into a pellet at 19.2 MPa for 120 s. To determine the ele-
ment concentrations, samples were analyzed using an energy
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Fig. 2.Geologicalmapof thenorthernHarz foreland (section generated andmodified afterGeneral GeologicalMap of Germany 1:200,000 (GÜK200), Bundesanstalt fürGeowissenschaften
und Rohstoffe (BGR) revised, 2015). Triangles mark the investigation sites (a) Hecklingen and (b) Zilly.
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dispersive X-rayfluorescence (ED-XRF) spectrometer (SPECTROXEPOS,
SPECTRO Analytical Instruments GmbH). Oxides were calculated by
using element specific conversion constants. The chemical index of al-
teration (CIA) (Nesbitt and Young, 1982) was calculated as CIA =
[Al2O3 / (Al2O3 + Na2O + CaO* + K2O)] ∗ 100 (in molar proportions;
CaO* refers to silicatic Ca) and the chemical proxy of alteration (CPA)
was calculated as CPA= [Al2O3 / (Al2O3 + Na2O)] ∗ 100 (in molar pro-
portions). For detailed information on weathering indices, in particular
CIA and CPA, the reader is referred to studies conducted by e.g. Buggle et
al. (2011), Cullers (2000), McLennan (1993) and Schatz et al. (2015).

The calcium carbonate (CaCO3) content was determined with a
calcimeter working in accordance to the Scheibler method. By adding
a 10% hydrochloric acid solution to the samplematerial the calcium car-
bonate converts into carbon dioxide (CO2) resulting in changing pres-
sure conditions in the apparatus. The quantity of this change is used to
calculate the CaCO3 content (Schaller, 2000; ISO 10693, 1995).

3.4. Color measurements

The color of every sample was measured in triplicates on dry, ho-
mogenized and sieved (b 2 mm) material with a spectrophotometer
(Konica Minolta CM-5). The spectrophotometer detected the diffused
reflected visible light in the range 360 to 740 nm under standardized
observation conditions (2° StandardObserver, Illuminant C). The results
were transferred into Munsell values and into the CIELAB Color Space
System (CIE 1976) with the Software SpectraMagic NX (Konica
Minolta). The extinction of light or luminance is indicated by the L*
values, on a scale from 0 (absolute black) to 100 (absolute white). Fur-
ther, the CIELAB values display color as chromaticity coordinates on red-
green (a*) and blue-yellow (b*) scales (Eckmeier et al., 2010; Gocke et
al., 2014; Vlaminck et al., 2015). Color data was plotted after Zeeden
et al. (2016) and used as a background in most proxy data graphs (see
Figs. 3, 5, 6, 8).

3.5. Environmental magnetic analyses

Sampleswere dried at 35 °C, roughly ground, packed into small plas-
tic boxes andmanually compressed. To avoid particlemovement during
the measurement, cotton wool was packed to fill the boxes.

Samples and 10 empty boxes were weighed. A MAGNON Suscepti-
bility Bridge (MAGNON, Dassel, Germany) was used for measurements
at frequencies of 310 and 3013 Hz in a static field of 320 mA/m. For the
determination of the magnetic susceptibility of the plastic boxes the 10
empty boxes weremeasured and averaged. The data were corrected for
drift, the effect of the boxes (weak diamagnetism) and normalized to
density. Here, the magnetic susceptibility is given as mass specific sus-
ceptibility (χ) in m3/kg. The frequency dependence [%] was calculated
as χfd = (χlf − χhf) / χlf ∗ 100 (e.g. Thompson and Oldfield, 1986).

3.6. Luminescence dating

Infrared stimulated luminescence (IRSL) measurements of the
Hecklingen and Zilly sections were carried out in the Cologne Lumines-
cence Laboratory in 2003/04 by A. Hilgers. Ages were published by



Fig. 3.Hecklingen (from left to right): A) plotted against depth [cm] a detailed semi-generalized stratigraphywith features (legendon the left) observed in thefield, division of sequence into units based on proxy-data and simplified lithology based on
units; B) main grain-size classes (clay, silt, sand), GSI and U-Ratio plotted against depth [cm] (with color data plotted in the background).
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Reinecke (2006) without additional information concerning the dating
procedure. In this study, the existing data are reevaluated and a short
overview of the recently appliedmethods is provided including their re-
sults. The presented ages differ from previous published data due to
using a different integration interval and a more recent age model.

The sample preparations for polymineral fine-grains (4–11 μm)
were made according to the procedure presented by Frechen et al.
(1996). Luminescence measurements were carried out on a Risø TL-
DA-12 reader stimulatingwith infrared LEDs (880± 80 nm) and irradi-
atingwith a 90Sr/90Y beta source. The luminescence signalswere detect-
ed passing a filter combination of a Schott BG39, Schott GG400 and
Corning 7-59. For equivalent dose (De) measurements, the signal of
the first 4.8 s was used after subtracting the background of the last
20 s. The single aliquot regenerative dose protocol (Murray and
Wintle, 2000) modified for polymineral sample for 50 °C stimulation
temperature was applied (Wallinga et al., 2000). All measurements
were carried out at a preheat temperature of 270 °C. The central age
model (CAM) was used for calculating the De (Galbraith et al., 1999).
Fading correction methods were not applied.

The external dose rate was measured using high-resolution γ-spec-
trometry. The gravimetric water content was determined after drying
and an uncertainty of 5% was assumed. Sample Heck-1 and all samples
from Zilly yielded strongly reduced water contents below 4% compared
to remaining loess samples with 10–16%. Therefore, an average water
content of 12.5 ± 5% was estimated. Dose rate conversion factors from
Guérin et al. (2011) and beta attenuation factors from Brennan (2003)
were used. The internal beta dose rate was considered to be deriving
from a potassium content of 12.5 ± 0.5% (Huntley and Baril, 1997).
The α-efficiency of 0.07 ± 0.02 was assumed according to Preusser et
al. (2005). The cosmic dose rate was calculated after Prescott and
Hutton (1994). The total dose rate and the final age were determined
with the DRAC online tool V1.1 (Durcan et al., 2015).

4. Results

4.1. Hecklingen

4.1.1. Stratigraphy
The Hecklingen profile is divided into six units based on field obser-

vations and the proxy results (see Fig. 3A). Several studies show a large
difference between IRSL50 ages and fading corrected ages for loess from
the same time slot leading to age underestimations of 4 to 6 ka (Frechen
and Schirmer, 2011; Schmidt et al., 2011; Zens et al., 2016). Since no
fading correctionmethods have been applied, minimum ages can be as-
sumed (see Table 1). A parallelization of the profile to Reinecke's (2006)
findings is given in Fig. 9.

The bottom of the sequence is marked by unit VI.II. The material is
bleached, resulting in a grey appearance with red oxidation stains and
pseudomycelia, typical for a so-called tundra gley. The lowermost age
very likely puts the tundra gley into MIS 4 with a minimum age of
61.9 ± 4.7 ka. Unit VI.I is a loess layer showing a partially strong
Table 1
Summary of luminescence ages resulting from dose rate calculation based on radionuclide conc
from 'single aliquot regenerative dose' measurements.

Laboratory code Sample code U (ppm) Th(ppm) K (%)

Hecklingen C-L1305 HCK-1 2.30 ± 0.13 7.73 ± 0.58 1.41 ±
C-L1306 HCK-2 2.50 ± 0.21 9.30 ± 0.51 1.50 ±
C-L1307 HCK-3 2.41 ± 0.13 9.64 ± 0.59 1.52 ±
C-L1308 HCK-4 2.22 ± 0.09 8.76 ± 0.54 1.47 ±
C-L1309 HCK-5 2.15 ± 0.18 8.06 ± 0.46 1.42 ±
C-L1310 HCK-6 1.57 ± 0.12 6.62 ± 0.37 1.28 ±

Zilly C-L1386 ZIL-1 2.28 ± 0.28 9.00 ± 0.50 1.79 ±
C-L1387 ZIL-2 2.20 ± 0.10 7.92 ± 0.61 1.59 ±
C-L1388 ZIL-3 2.28 ± 0.08 7.98 ± 0.52 1.51 ±
C-L1389 ZIL-4 2.44 ± 0.20 8.61 ± 0.53 1.55 ±
lamination and black-brownish manganese oxidation stains. Unit V.II is
a truncated soil layer with crotovinas containing the soil material of
the soil complex above. Unit V.I is an almost 2 m thick complex of
brownish red soil material. A minimum age of 48.5 ± 3.8 ka below
and 51.5 ± 4.5 ka within the upper part of the soil complex indicate a
relation to MIS 3. The upper half contains more gravel-sized particles
than the lower part where several silt and clay lenses were observed
in the field. Unit IV.V was identified as a stony loess layer containing
abundant gravel. Unit IV.III is a small loess layer separating the tundra
gleys unit IV.II and IV.IV. Unit IV.IV is greyer with only a few oxidation
stains but relatively frequent pseudomycelia features. Unit IV.II is a fur-
ther tundra gley according to strong bleaching and abundant red oxida-
tion stains within the layer. Unit IV.I is another loess layer with partially
red iron oxidation stains. Unit III.II is the second uppermost tundra gley,
based on reduction and oxidation features visible in the field. The ages
23.1 ± 1.8 ka and 22.9 ± 1.8 ka place unit III.I into the time of the last
glacial maximum (LGM). The timing of the LGM was constrained by
Clark et al. (2009) as occurring from 26.5 to 19.0 ka using relative sea
level (RSL) data. The laminations, cryoturbation features and icewedges
within the unit support the time frame of the LGM. The material of unit
II.II is bleached with red oxidation stains and pseudomycelia and marks
the uppermost tundra gley of the sequence. Based on theuppermost age
of 17.8 ± 1.4 ka unit II.I is part of the last cover loess with several
pseudomycelia within the upper part and additional manganese oxida-
tions stains in the lower part. Unit I represents the recent soil with a
strong rooting within the first 40 cm and a chernozem-like appearance.
Until 1.2 m depth several transition horizons with less rooting but large
crotovinas are present.

4.1.2. Grain-size distributions within the profile
Fig. 3B shows the evolution of the threemain grain-size classes (clay,

silt, sand), GSI and U-Ratio throughout the sequence of Hecklingen. The
figure in Appendix 1 shows a further separation of the grain-size classes
into fraction subunits. The grain-size density distribution curves of the
defined stratigraphic units are given in Fig. 4.

The silt content at the bottom of unit VI.II is higher than 70% while
the clay content and sand content are below 15% (see Fig. 3B and Ap-
pendix 1). At the boundary between unit V.I and V.II, the values of
clay-sized particles are strongly increasing. Unit V.I has the highest
levels of fine and middle clay-sized particles compared to the other
units of the profile. The middle and coarse sand fraction is oscillatory
but increasing towards unit IV.V. Within unit IV particles with sizes
below 6.3 μm and above 200 μm decrease again whereas mainly coarse
silt increases towards the top. The strongest changes in fraction compo-
sition throughout the profile occur in unit III.I. Above 3.40 m depth the
grain-size composition changes. Up to 58% of the grain-size fraction
lies within the range of sand-sized particles. In comparison to unit V.I
where changes in grain-size distribution were mainly driven by coarse
and middle sand here the whole fraction changes. While the content
of particles with sizes below 36 μm is reduced by 43%, the particles larg-
er than 36 μm occupy up to 78% of the fraction (see Figs. 3B, 4B and
entrations from laboratory gamma spectrometry and equivalent dose (De) determination

Depth (m) Dose rate (Gy ka) Equivalent dose (Gy) IRSL age (ka)

0.03 1.4 3.16 ± 0.18 56.0 ± 3.0 17.8 ± 1.4
0.03 2.35 3.46 ± 0.20 79.4 ± 4.2 22.9 ± 1.8
0.03 3.55 3.44 ± 0.19 79.3 ± 4.2 23.1 ± 1.8
0.03 5.25 3.24 ± 0.18 166.9 ± 11.1 51.5 ± 4.5
0.03 7.75 3.11 ± 0.18 150.6 ± 8.1 48.5 ± 3.8
0.03 8.55 2.55 ± 0.14 157.7 ± 8.5 61.9 ± 4.7
0.04 0.8 3.66 ± 0.20 55.3 ± 2.9 15.1 ± 1.1
0.03 1.35 3.32 ± 0.18 50.4 ± 2.7 15.2 ± 1.1
0.03 2.28 3.27 ± 0.18 50.1 ± 2.6 15.4 ± 1.2
0.03 2.44 3.42 ± 0.19 54.1 ± 2.8 15.8 ± 1.2



Fig. 4. Hecklingen (from left to right): A) grain-size density distribution curves of the defined units; B) unit III.I detailed grain-size distribution.
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Appendix 1). Inunit II.II the grain-size distribution shifts to higher values
of particles below 36 μm in size again, containing no coarse and middle
sand-sized particles anymore. Within unit II.I upper coarse silt is en-
hanced while particles below 36 μm of size are reduced. In unit I.II the
clay and silt values are elevated once more. In unit I.I the sand fraction
is increasing again to around 35%, which is mostly driven by relative
high levels in coarse and middle sand (see Fig. 3B and Appendix 1).

The GSI and the U-ratio (Fig. 3B) behave similarly by having two
maxima. From the bottom to the top, the first one occurs in unit III.I
and is stronger than the second one. The secondmaximumoccurswith-
in unit II.I, where the GSI reaches values between 1.23 and 0.8, and the
U-ratio values lie between 4.5 and 2.85. Throughout the rest of the pro-
file the GSI and U-ratio vary slightly.

In Fig. 4A the grain-size distribution curves of the identified units are
displayed. Themain characteristics of all units are similar. They all have
a dominant well-sorted silt component with a modal peak between
around 30–40 μm. However, as shown in Fig. 4B the whole grain-size
distribution in unit III.I temporarily shifts towards the coarser fraction.
Especially the modal peak shifts to 55 μm. Further, all units have a
very low clay fraction and show a second but smaller peak within the
sand fraction but with varying amounts and modal values. Unit IV.V
has the “weakest” dominant peak in silt-sized particles compared to
the second peak in the sand-sized fraction and unit II contains nomiddle
and coarse sand fraction at all.

4.1.3. Weathering indices and color properties
Fig. 5 shows the weathering indices, color properties and magnetic

susceptibility features of the profile plotted with depth and in context
of the identified stratigraphic units.

In unit VI, the a* value increases notably while the other indices are
rather constant. At the border between unit V.I and V.II the values of
Rb/Sr, Ba/Sr, CIA, CPA, a* and b* are enhanced whereas the CaCO3 con-
tent suddenly drops. Within unit V.I Rb/Sr, Ba/Sr, CIA, CPA, Fe2O3, a*
and b* are highest in context of the whole profile. In contrast, the
CaCO3 content is lowest in unit V.I. Within unit IV values of Rb/Sr, Ba/
Sr, CIA, CPA, Fe2O3, a* and b* are higher in subunits IV.II and IV.IV com-
pared to the other subunits. Mn/Fe and CaCO3 have rather low amounts
in IV.II and IV.III. In unit III.II Rb/Sr and Ba/Sr values are elevated. In unit
III.I, the CaCO3 content is reduced. The Fe2O3 content strongly decreases,
too, but a* behaves conversely and has high values. Additionally, the
material is darker, as seen in the L*. Towards unit II.II, Mn/Fe, a* and b*
suddenly decrease while Fe2O3, L* and the mass specific susceptibility
are elevated. Within unit II.I, a* values, CaCO3 and Mn/Fe increase to-
wards the top of the unit. Rb/Sr, Ba/Sr, CIA and CPA indices are also



Fig. 5. Hecklingen (from left to right): Weathering indices, color data and magnetic susceptibility in relation to the simplified lithology based on defined units, plotted against depth [cm] (with color data plotted in the background).
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elevated within the upper part of unit II.I. The mass specific susceptibil-
ity decreases towards unit I.IIwith a stronger decrease in the upper part
of unit II.I and stays then relatively constant until unit I.II. In unit I.II this
relationship is reversed. In unit I.I, the ratios Rb/Sr, Ba/Sr, Mn/Fe, CIA,
CPA have strongly elevated values, whereas CaCO3, redness-index
(a*), b* and lightness-index (L*) have rather low quantities. The mass
specific and frequency dependent susceptibility show the strongest en-
hancement in unit I.Iwhen put into context of the whole profile.

4.2. Zilly

4.2.1. Stratigraphy
Reinecke published ages for the sequence of Zilly in 2006. He took

OSL-samples up to a depth of 2.44 m (see Table 1). The recalculated
youngest ages are between 15.1 ± 1.1 ka (0.80 m) and 15.8 ± 1.2 ka
(2.44 m). The recent field observation and sedimentological proxies in-
dicate that not the same sequence was sampled, since Reinecke (2006)
only identified a 3m thick last cover loess layerwithout variations in the
field, which is supported by his data. In the present study several layers
were identified, which are divided into three major units following the
field observation and sedimentological proxies (see Fig. 6A).

Unit III is the suspected LGM loess possibly containing an intercalat-
ed bleached horizon. The material of unit III is completely laminated
with stronger lamination at the top (see Fig. 6A). Unit II is believed to
be the last cover loess with two intercalated bleached horizons which
are assumed to be tundra gleys. The tundra gley unit II.IV is weakly lam-
inated. The loessmaterial of unit II partially includes pseudomycelia and
manganese oxidation stains. Additionally, unit II.I includes bigger car-
bonate concretions (1–2 cm diameter). Unit I represents the recent
soil with a strong rootingwithin the upper 25 cm and several transition
horizons below. A parallelization of the profile to Reinecke's (2006)
findings is given in Fig. 9.

4.2.2. Grain-size
Fig. 6B shows the behavior of the threemain grain-size classes (clay,

silt, sand), GSI and U-Ratio throughout the sequence of Zilly. The figure
in Appendix 2 shows a further separation of the grain-size classes into
subunits. The grain-size density distribution curves of the defined strat-
igraphic units are given in Fig. 7.

In unit III.III silt-sized particles occupy N70% of the fraction with
highest amounts at 4.30 m depth decreasing towards unit III.II. Sand
varies between 12 and 17% with lowest amounts at 4.30 m (see Fig.
6B). The clay content is relatively constant at around 11% throughout
unit III except at 4.15m depthwhere clay occupies 13.9% of the fraction.
In unit III.I the sand fraction occupies up to 31% of the fraction at the dis-
advantage of silt. Within unit II.IV, the clay and sand fraction have de-
clining amounts towards unit II.III. Within unit II the fraction below
b36 μm increases towards the top of the unit. In unit I.I, clay values are
highest with a maximum of 14.1% at 45 cm depth.

The GSI and the U-ratio in Fig. 6B behave similar, having two main
increases. The first one is in unit III.II at 4.1 m depth. The second peak
is in unit II.III having a maximum at 2.7 m depth with 1.03 for GSI and
3.49 for U-ratio.

In Fig. 7 the grain-size distribution curves of the identified units are
displayed. All units have in common that the dominating components
are silt-sized particles. Further, all units have a second peak within the
sand fraction, which is strongest developed in unit III.

4.2.3. Weathering indices and color properties
Fig. 8 shows the weathering indices, color properties and magnetic

susceptibility features of the sequence plottedwith depth in connection
with the defined stratigraphic units.

The strongest changes of the weathering indices, the color data and
magnetic susceptibility are between unit I and the rest of the profile. The
indices stay relatively constant throughout the rest of the profile, only
CPA and CIA have slightly elevated values within unit III and unit II.IV.
Between unit II and unit I Rb/Sr, Ba/Sr, CPA, CIA, Fe2O3 and a* values
strongly increase while the CaCO3 content is strongly reduced by
14.5% to around 0%. L* declines, too, but not as strongly as CaCO3. Rb/
Sr and Ba/Sr have high values in unit I. Rb/Sr slightly increases further
towards the top of unit I, while Ba/Sr has relative constant values
throughout the unit. CPA and CIA are highest in unit I.III. Fe2O3, L*, a*
and b* values are relatively constant within the lower part of unit I but
decrease between unit I.II and unit I.I towards the top. The Mn/Fe ratio,
mass specific and frequency dependent susceptibility decrease within
the lower part of unit I but strongly increase again towards the top
starting at the boundary between unit I.II and unit I.I, having highest
values in unit I.I.

5. Discussion – interpretation of the data

5.1. Hecklingen

As already indicated by field observations, the Hecklingen profile
comprises several phases of environmental and climatic conditions dur-
ing the Middle and Late Weichselian Glacial (see Figs. 3, 4, 5).

The clearly identified bleached horizon (tundra gley) at the bottom
of the sequence (unit VI.II) is not identifiable in any of the investigated
proxies. Relative to the material above, no changes in the geochemical,
color and grain-size composition display the tundra gley by increased
weathering.

The smooth transition between unit V.II and VI.I displayed by all
proxies indicates a relative stable phase of loess accumulation prior to
a soil formation (Figs. 3, 4A, 5). Unit V.II is not to be seen as a transition
zone from loess sediment below to the soil material above. The strong
cut in the geochemical ratios Ba/Sr and Rb/Sr (Fig. 5), also in the
grain-size distribution heatmap (Appendix 4) suggest that the former
soil was eroded leaving a truncated transition zone with crotovinas
(unit V.II). The soil material above (unit V.I) seems not to be in-situ. It
is rather redeposited soil material, probably belonging to the same
phase of soil formation as the truncated transition zone below. The
recalculated IRSL50 ages of Reinecke (2006) show similar ages for the
soil material and the loess material below the truncated transition
zone, and the fillings within the crotovinas appear to be the samemate-
rial as the soil material above. Further, the weathering indices and the
clay content are strongly varyingwithin the soilmaterial having highest
values between 5.50 and 6.00 m depth, suggesting pedogenic
overprinting within that area (Fig. 5 and Appendix 1, 5). This indicates
the presence of at least one further soil formation phase during MIS 3
in Hecklingen, which overprinted the signal of the previously accumu-
lated soil sediment. The smooth decline in weathering indices towards
the top of unit V.I suggests decreasing pedogenesis. The gravel layer
(unit IV.V) above soil material speaks to a further erosion phase
(Boenigk and Frechen, 2001; Frechen et al., 1999; Marković et al.,
2011). Ages support that there has been strong erosion during a late
phase of MIS 3, causing this unconformity.

The identifiedbleached layers (tundra gleys) ofunit IV and unit III are
supported by the weathering indices Rb/Sr, Ba/Sr, CPA and CIA through
higher values and by reduced amounts of CaCO3, displaying hydromor-
phic conditions and leaching. The layers are likely connected to awarm-
er and moister phase (in comparison to very cold and dry conditions
during interglacials), since the material is greyish and bleached, which
is usually caused by repeated thawing of permafrost soils in combina-
tion with poor drainage (e.g. Antoine et al., 2009; Antoine et al., 2001;
Terhorst et al., 2001; Vandenberghe et al., 1998; Vandenberghe and
Nugteren, 2001; Van Vliet-Lanoë, 1998; Van Vliet-Lanoë, 1989).

The strongmodification in grain-size distribution (Figs. 3B, 4B)with-
in unit III.I is interpreted as a result of changes in wind dynamics. The
shift of the grain-sizemode of up to 20 μm towards the coarser range in-
dicates a different sourcematerial during the LGM.While there are sec-
ondary influences present within the other units, the shift of the whole
grain size distribution speaks for overall modifications of the primary



Fig. 6. Zilly (from left to right): A) plotted against depth [cm] a detailed semi-generalized stratigraphywith features (legend on the left) observed in the field, division of sequence into units based on proxy-data and simplified lithology based on units;
B) main grain-size classes (clay, silt, sand), GSI and U-Ratio plotted against depth [cm] (with color data plotted in the background).
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Fig. 7. Zilly grain-size density distribution curves of the defined units.
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processes in connectionwith changes of the generalwind direction. The
high values of sand and upper coarse silt point to the presence of sedi-
ment derived from nearby areas (Fig. 4B). Those short distance trans-
port processes include creep and saltation. Sandstones of the Triassic
Buntsandstein are exposed within 0.5 km north and east of the profile
(Fig. 2). They appear to be a likely source material for the high sand
input phase in Hecklingen. Renssen et al. (2007) came to the conclusion
that it is very unlikely that shifts inwind direction during the LGMoccur
for the most parts of Europe. New paleoclimate simulations by Ludwig
et al. (2016) do suggest that only in Western Europe westerly winds
got stronger during the LGM. For Central Europe though (including
the northern Harz foreland) their modelling shows a shift towards
southerly and easterly circulation weather types (CWTs). Ludwig et al.
(2016) attribute this to the Scandinavian ice sheet and the correspond-
ing formation of a strong anticyclone. This supports the findings by
Dietrich and Seelos (2010) and Römer et al. (2016) for the Dehner
Maar (Eifel Mountains) using heavy mineral analysis of sediment
cores. Their records suggest strong easterly winds during the LGM. Con-
sequentially, looking at the grain-size components, the Hecklingen pro-
file seems to display strong easterly winds with several dust storm
events during the LGM as well. Antoine et al. (2009) identified phases
with high GSI and high values of fine sand events with high loess
input (LE). In the Nussloch section, they revealed a high conformity of
maxima in aridity and wind intensity (characterized by high amounts
in GSI and sand fraction). Therefore, the high values of GSI and U-ratio
within unit III.I support the theory of a phase with enhanced (aeolian)
input of coarser material under dry conditions. However, due to the
high medium and coarse sand content, surface runoff events cannot
be excluded. Slope wash starts at an angle around 2° and since the
slope angle in Hecklingen is 2.3° surface runoff could have occurred dur-
ing heavy rainfall events. Nevertheless, the redness-index (a*) supports
the hypothesis of wind direction changes by high values where iron
oxide behaves contrary and has an unexpected decrease (see Fig. 5).
High a* values aremostly caused by enhanced iron oxides in a sediment
as a result of pedogenic processes underwarmer andmoister conditions
(Kehl et al., 2014; Meszner et al., 2011). However, during the LGM cli-
matic conditionswere cold and dryer, making extended pedogenic pro-
cesses unlikely to occur. Consequently, the high a* values have a
different origin. Since the nearby exposed sandstones of the
Buntsandstein have a reddish color, they are most likely the cause for
the high a* values. Moreover, the ice wedges seen in the field support
the time frame of the LGM.

The lower part of unit II is also displaying hydromorphic conditions
since the material is greyish and bleached. This interpretation is sup-
ported by a reduction of the redox potential (Mn/Fe), lower a* and b*
values and a shift towards finer grain-size particles (e.g. Antoine et al.,
2009; Antoine et al., 2001; Terhorst et al., 2001). Further, there is an in-
crease of themass specific magnetic susceptibility between unit III.I and
unit II.II. Similar results have been found in Saxony (e.g. Baumgart et al.,
2013; Lauer et al., 2014). They argue that this shift is due to sedimenta-
tion conditions and therefore use the mass specific magnetic suscepti-
bility as an indicator to distinguish between laminated and
homogenous Upper Weichselian Pleniglacial loess (see e.g. Baumgart
et al., 2013; Lauer et al., 2014; Meszner et al., 2014; Meszner et al.,
2011). The upper part of unit II covers the last strong phase of aeolian
material input under relative cold and dry conditions, indicated by
high values of GSI and U-ratio (Fig. 3B) but also by a relatively stable
magnetic susceptibility. Ba/Sr, CPA, CIA and a* point towards slight
weathering by elevated values within the upper first centimeters of
unit II. This may be connected to the recent pedogenic processes above
(Blume et al., 2010).

Unit I represents the recent soil. The high values of CaCO3 at the bot-
tom of unit I (unit I.II) are caused by a secondary CaCO3 enrichment. Fur-
ther, the clay content is elevated in unit I.II, suggesting that CaCO3 and
clay minerals were depleted in the upper part of unit I and enhanced
at the bottom due to recent pedogenesis (Blume et al., 2010). On the
other hand, the values of the weathering indices Rb/Sr, Ba/Sr, CIA and
CPA are strongly reduced in unit I.II. This decrease can be interpreted
as not only a result of reduced weathering but additionally the enrich-
ment of clay minerals and CaCO3. Since CaCO3 is strongly influencing
the behavior of other minerals, it is assumed to have a major contribu-
tion leading to the strong drop of the weathering indices here (Appen-
dix 3; Buggle et al., 2011). The upper part is strongly weathered due to
recent pedogenic processes displayed by all proxies (Blume et al., 2010).
In comparison to the rest of the profile the mass specific and frequency
dependent susceptibility are strongly enhanced, displaying the recent
pedogenesis well. Several studies (e.g. Baumgart et al., 2013; Buggle et
al., 2014; Gocke et al., 2014; Hošek et al., 2015) have shown themagnet-
ic susceptibility to be a parameter which is influenced by a variety of
processes in Western and Central Europe. Due to rather strong distur-
bances resulting from those surface processes an interpretation of the
magnetic susceptibility features is challenging. An enhancement of the
magnetic susceptibility due to pedogenesis is commonly only visible
within recent soils. Signals of the deeper layers have to be interpreted
with reservations, since alteration of ferromagnetic minerals may have
resulted in the decreased magnetic susceptibility here (see e.g. Chen
et al., 2015; Liu et al., 1999).

5.2. Zilly

As expected from field observations, the Zilly profile displays chang-
es in environmental conditions, though the tundra gleys (bleached
layers) are not consistently supported by the geochemical and color
data (Fig. 8). In general, no proxy was found to constantly match the
bleached horizons identified in the field. Therefore, a combination of
proxies should be applied, to identify such horizons.

Similar to Hecklingen, there seems to be a shift in material source,
based on an increased upper coarse silt and general sand content in
unit III and the lower part of unit II.IV (Appendix 2; also visualized by
the grain-size distribution heatmap in Appendix 5). The middle and
coarse sand range is absent above (see Figs. 6B, 7). Sandy layers of Cre-
taceous age are exposed several kilometers north and east of the profile
(see Fig. 2). Thesemay have delivered sourcematerial for the sand input
phase in Zilly. The depletion of mass specific susceptibility is similar to
Hecklingen sediments of the LGM supporting the possible change in



Fig. 8. Zilly (from left to right): Weathering indices, color data and magnetic susceptibility in relation to the simplified lithology based on defined units, plotted against depth [cm] (with color data plotted in the background).
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sourcematerial. Consequently, unit IIImight represent a shift inwinddi-
rection towards stronger andmore easterly winds, too. Further, the ele-
vated GSI and U-ratio support the assumption of stronger aeolian
dynamics (Fig. 6B). Thus, unit III appears to indicate the presence of
LGM material within the Zilly profile. Due to missing ages below
2.44 m depth (see Table 1) this theory cannot be proven or dismissed,
but in connection to the Hecklingen profile where similar features can
be observed (lamination and slight cryoturbation of the material), the
presence of the LGM is very possible.

Unit II.IV shows hydromorphic conditions since the material is
greyish and bleached. The material above shows no lamination. The
small increase of mass specific magnetic susceptibility indicates a
change in sedimentation conditions similar to Hecklingen (see Chapter
5.1 unit II.II). In unit II.III, the elevated GSI and U-ratio indicate an in-
creased wind dynamics. Relative dry conditions during the phase
when unit II.III until unit II.I was accumulated are indicated by the low
but relatively stable mass specific susceptibility.

Between unit I and unit II a strong shift occurs in most weathering
proxies. Undoubtedly, the material below unit I has rarely experienced
any weathering (Fig. 8) but due to the general influence of CaCO3 on
other elements, weathering proxies are most valuable in material lack-
ing CaCO3 (Buggle et al., 2011). The weathering of the recent soil mate-
rial is displayed by theweathering indices well. Thus, the strong drop of
weathering indices between unit I and unit II may be explained by the
immediate increase of CaCO3 at the bottom of unit I rather than through
a truncation of the material below and redepositing of soil material
above. The grain-size supports an interpretation of no (major) hiatus
by the smooth decrease in clay towards unit II.

5.3. Summarizing the comparison ofHecklingen and Zillywith an outlook to
other Western and Central European loess-paleosol sequences

Both investigated profiles have in common that they are rather
strongly disturbed, especially by the permafrost related processes,
such as cryoturbation (see Figs. 3A, 6A). Further, tundra gleys which
can be clearly identified in the field were in general weakly developed
and all were laterally traceable (see Figs. 3A, 6A). The weak develop-
ment of the soils is likely the cause for the only small enhancements
of clay content and slight increases of weathering proxies; it might
also be responsible for the inconsistent signal of the tundra gleys. LPS
further to the west and south-west in Europe show stronger enhance-
ments of clay fraction and stronger geochemical weathering (e.g.
Antoine et al., 2009; Vandenberghe et al., 1998). This could be caused
by dryer and colder conditions compared to those regions, due to the vi-
cinity of the Scandinavian ice sheet and the rain shadow of the Harz
Mountains (see Fig. 1).

Features within the Hecklingen profile make it possible to link the
sequence to other profiles in Western and Central Europe (see Fig. 9).
Reinecke (2006) named the tundra gley (unit VI.II) at the bottom of
the sequence (see Fig. 3A) “Hecklingen soil”. Within the northern Harz
foreland an equivalent was only found in one further profile situated
close by (Ermsleben, see Reinecke, 2006). In the Nussloch section
Löscher and Zöller (2001) and Antoine et al. (2001) described in one
sub-profile a thin but similar layer (“Nussloch-Soil”) below the
Graselberg soil, dated to 65 ka and ~66.9 ± 5.1 ka. In Saxony, the only
profile having gleyic material dated to 65 ka is the Rottewitz section
(Meszner et al., 2014; Meszner et al., 2013). As mentioned above,
other profiles in Saxony show an unconformity at that time and during
the MIS 3. One reason for the preservation or even the development of
the tundra gley in Hecklingen might be that the rain shadow of the
Harz Mountains caused much dryer conditions than in other regions
(Döring, 2004). In Western and Central Europe, this period is usually
characterized by reworked Eemian and Early Weichselian soils or un-
conformities due to higher precipitations in combination with higher
slope angles, causing e.g. slope wash processes (e.g. Rohdenburg and
Meyer, 1966; Semmel, 1989; Meszner et al., 2013).
According to Reinecke's (2006) age for the soil material (whole unit
V), the material appears to be from an earlier stage of MIS 3. Here it is
suggested that the material is an equivalent to the Graselberg soil (see
Fig. 9; e.g. Antoine et al., 2001; Gocke et al., 2014). The data lead to
the assumption that during an earlier phase of the MIS 3 the environ-
mental conditions in Hecklingenweremore stable than in other regions
of the northern European loess belt (e.g. Meszner et al., 2013; Schirmer,
2016). This is indicated by the smooth transition from unit VI.I (loess)
towards unit V.II (truncated soil layer) by all proxies and by the exis-
tence of crotovinas in the truncated soil layer. There had to be a stable
phase present during which macro fauna was able to cause those large
burrows. Further, the preservation of accumulated soil material above
(unit V.I) and the probable pedogenic overprinting (accumulated soil
material experienced a further pedogenesis) does indicate an additional
stable phase. The rain shadowof theHarzMountainsmight have played
a large role in preserving theMIS 3 soil material here as well. Assuming
similar precipitation gradients as today, reduced precipitation resulted
in less intrusive erosional events than in other regions. However, the
stone layer unit IV.V marks a strong erosion phase during late MIS 3
and/or early MIS 2, as mentioned before.

Following the nomenclature of Schönhals et al. (1964) with further
advances by Bibus (2002), the soils E1 and E0 appear to be missing.
The twohorizonswhich are usually found in the E2 soilmight be the an-
alogue to the layers unit IV.II and IV.IV, and theunit III.II tundra gley could
be related to the weakly developed E3.

In the area of the Lower Rhine Embayment and adjacent areas the
transition between the LGMand the last cover loess ismarked by an im-
mediate change of sediment characteristics. The material changes from
being cryoturbated and laminated during the LGM, towards homoge-
neous aeolian sediments of the last cover loess (e.g. Haesaerts, 1985;
Kels, 2007; Schirmer, 2003a). The initiation of the new phase (last
cover loess) is marked by a tundra gley which is supported by a shift
in grain-size towards finer material predominantly. The nomenclature
of Schönhals et al. (1964)with further advances by Bibus (2002) defines
that tundra gley as E4 soil (Zens et al., 2016). Taking the findings of
Schmidt et al. (2011) and Frechen and Schirmer (2011) concerning
the fading rates and the resulting ages of the material into account, an
equivalent to the E4 is present in Hecklingen (see unit II.II) and marks
transition from LGM (unit III.I) to last cover loess (II.I), supporting
prior assumptions.

Based on the very likely shift in source material in both profiles,
Hecklingen and Zilly can be linked to each other (see Fig. 9). Despite
the fact that Hecklingen and Zilly cover a different time resolution and
have different source materials, the parallelization of the sequences
mainly based on changes in grain-size distribution indicates the pres-
ence of material from the time of the last cover loess and the LGM
which further suggests that both sequences experienced similar envi-
ronmental conditions and surface processes during that time frame
(see Figs. 3B, 6B).

6. Conclusion

Our study with a high resolutionmulti-proxy approach used for two
loess-paleosol-sequences from the northern Harz foreland (Germany)
gives new insights about the environmental and climatic conditions
during the last glacial in an area close to the Scandinavian ice sheet.
The main findings are:

• In both profiles sediments of the LGM and last cover loess period are
present.

• Hecklingen and Zilly experienced an increased input of aeolian mate-
rial during the last cover loess period, supporting the theory of dryer
and colder conditions for this time frame.

• The same is valid for the LGM. Additionally, the considerably en-
hanced short distance input within the LGM sediments points to-
wards a shift in wind regime with a higher frequency of strong



Fig. 9. Correlation of the recent findings in Hecklingen and Zilly to Reinecke's (2006) findings including recalculated IRSL50 ages, and to a generalized stratigraphy of Central Europe (after
Zens et al. (2016)modified after Schönhals et al. (1964) and Bibus (2002)). Reinecke (2006) defined the here as one soil complex visualizedMIS 3 soil complex as followed: lower 50 cm
are reworked soil sediments flowed by 70 cm of in-situ soil. Above that soil follows 60 cm of reworked soil sediment with no post-depositional signs of soil formation. The MIS 3 soil
complex of the recent study is also summarized as one complex, here. The structure is as follows: the lower 70 cm are defined as truncated in-situ soil material (unit V.II) followed by
1.9 m of reworked soil sediment with signs of post-depositional pedogenic overprinting (unit V.I).
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easterly wind conditions with several dust storm events.
• In Hecklingen, elevated values of coarser material within MIS 3 soil
was observed, too, which speaks for the occurrence of erosion and
re-deposition processes of soil material with signs of post-deposition-
al pedogenic overprinting during the MIS 3.

• The presence of MIS 3 soil material itself allows the conclusion that
surface processes were less intrusive at least partially during the MIS
3 and the MIS 2 in the northern Harz foreland than in other Western
and Central European regions e.g. wide parts of the Lower Rhine Em-
bayment and Saxony.

Hecklingen in particular seems to represent the changes of environ-
mental conditions during large parts of the Weichselian well. It will be
beneficial for a better understanding of environmental conditions dur-
ing the Weichselian to use additional proxies and dating methods at
these profiles but also adding new locations for a larger scale approach.
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