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A B S T R A C T   

Loess-Palaeosol-Sequences (LPS) in the Central European region provide outstanding terrestrial polygenetic and 
multiphase archives responding to past climate and environments over various spatial and temporal scales. As 
yet, however, the geomorphological and pedogenic processes involved in LPS formation, and their interplay with 
changes in ecological conditions, impede robust correlation with other palaeoenvironmental archives. The 
Schwalbenberg LPS, which drape a hillslope in the Middle Rhine Valley in western Central Europe, provide 
unique high-resolution records highly suitable for investigating the processes involved in their formation and the 
relationship to climatic influences during the Upper Pleistocene. Here we present the first comprehensive multi- 
proxy dataset for the Schwalbenberg LPS over four dimensions. We undertake systematic analyses along a re-
presentative slope transect using surface-based geophysical prospection in combination with Direct Push hy-
draulic profiling to characterise the subsurface stratigraphy in detail. We integrate selected sedimentological and 
geochemical proxy data from three long sediment cores and two profile sections to build a complete strati-
graphical succession for the Schwalbenberg LPS. We show that the transect approach allows quantification of 
different formation phases, whether accumulative, erosive or pedogenic in character. In so doing we overcome 
the bias inherent in studies of individual sections and enable robust and reliable correlation with other climate 
archives. For the time interval ~ 80–15 ka BP correlation of combined lithostratigraphic features and organic 
carbon contents from Schwalbenberg with the Sofular and NGRIP δ18O-records can be established at millennial 
to centennial scale resolution, highlighting the sensitivity of western European LPS to the Atlantic-driven climate 
oscillations in much more detail than in any other terrestrial archive known in the region so far.   

1. Introduction 

Loess sediments are the most extensive palaeoenvironmental ar-
chives of the Quaternary Period. They are especially widespread across 

northern Eurasia (e.g. Haase et al., 2007; Pecsi and Richter, 1995; 
Rousseau et al., 2018, 2017a) and can exceed 200 m thickness, as in the 
case of the Chinese Loess Plateau (e.g. Kukla and An, 1989). The 
dominantly silt-sized mineral grains, from which loess sediments are 
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correlated to the Lower Middle Terrace (LMT; equivalent to tr9 after  
Bibus, 1980; LMT 1 after Boenigk and Frechen, 2006) of the region that 
has been deposited during the penultimate glaciation. Fluvial gravels 
reach an overall thickness of 22 m on top of the Devonian bedrock 
(Bibus, 1980), which is confirmed by Boenigk and Frechen (2006) 
giving the LMT 1 base at 58 m and its top at 79 m a.s.l. at the same site. 
The younger LMT 2 is defined as the second sub-stage of the LMT in the 
lower Middle Rhine area, but has only been described at localities 
further to the south (Boenigk and Frechen, 2006). 

The LPS on top of fluvial deposits described by Bibus (1980) started 
with a soil sediment which contained the reworked palaeosol of pre-
sumably last interglacial age. The overlaying sequence was char-
acterised by approx. 9 m of loess sediments with 8 intercalated 
brownish soils of different degrees of pedogenic development and 
thickness, followed by another 3 m of yellowish loess with two inter-
calated Gelic Gleysols. As Bibus (1980) conducted no further sedi-
mentological and geochronological analyses, the stratigraphic correla-
tion remained vague. In context of regional terrace stratigraphy, it was 
assumed that the entire LPS at the Schwalbenberg is of last glacial, i.e. 
Weichselian age. 

In subsequent years, sections Schwalbenberg I and II (SB I, II; 
Figs. 2, S1), were sampled and investigated in great detail. This Rhine- 
ward (east to southeast) exposed section was located at a renewed wall 
of the section studied by Bibus (1980). Likewise, between SB I and SB II 
the wall was moved back a few meters in the course of further sampling. 

Besides detailed litho- and pedostratigraphic descriptions, the in-
vestigations comprised luminescence dating (Frechen and Schirmer, 
2011), analyses of selected sedimentological and geochemical proxies 
(grain size distribution, organic carbon and carbonate content,  
Schirmer, 2012); weathering index deduced from pedogenic oxides and 
clay contents as well as micromorphology (Schirmer et al., 2012), high 
resolution XRF scanning (Profe et al., 2016), palaeo- and rock magnetic 
(Cofflet, 2005), and malacological analyses (Schiermeyer, 2000). The 
studies demonstrated, that the SB I and II sections preserve the most 
complete terrestrial record of OIS 3 climate variability in western 
Central Europe, based on attempts to correlate total organic carbon 
contents (TOC) with the δ18O paleoclimate record of Dye 3 and Camp 
Century (Dansgaard et al., 1984 in Schirmer, 1991), later with the GISP 
2 ice core (Grootes and Stuiver, 1997 in Schirmer, 2012) and correla-
tion of the dissolved iron index with the GRIP Summit ice core 
(Dansgaard et al.,1993 in Schirmer et al., 2012), both supporting the 
correlation suggested already earlier (Schirmer, 2000; Schirmer, 1991). 

Subsequently, Schirmer (2016) defined the Ahr Interstadial Complex 
with the SB II section as locus typicus. It is characterised by 8 soils, 7 
Calcaric Cambisols and one Calcaric Regosol, alternating with thin loess 
and reworked loess layers and Gelic Gleysols. The soils occur – in 
stratigraphical order from bottom to top – as three soil complexes se-
parated by distinct unconformities: the Lower Remagen Soils (R1 and 
R2), the Upper Remagen Soils (R3, R4, R5) and the Sinzig Soils S1-S3 
(see Supplementary Table ST 1e). While Schirmer (2012) and Schirmer 
et al. (2012) identify the R3 soil as most intense palaeosol based on the 
overall TOC maximum and the maximum of the dissolved iron index,  
Profe et al. (2016) identified soils S1 and S2 as the most intensively 
weathered palaeosols followed by R3, R2, R1 and R5 based on LOG 
(Rb/Sr) and LOG (Ba/Sr). However, the palaeosols of the Ahr Inter-
stadial Complex appear as in-situ soil formations (Schirmer et al., 2012). 
Based on the correlation to ice cores, it is estimated to start with 
Greenland Interstadial (GI) 17 at ~ 58.4 ka BP and ends with GI 5 
at ~ 31.5 ka BP following an early GISP 2 age model (Grootes and 
Stuiver, 1997). 

While these correlations appear promising and suggest a first age 
estimate for the SB II section, such correlations are still lacking reliable 
chronological tie points, which accounts especially for the lower Ahr 
Interstadial Complex. High-resolution, multiple aliquot IRSL and ther-
moluminescence (TL) dating, and three pIR-IRSL ages, yielded a profile 
with highly scattering age estimates, which did not consistently in-
crease in age with depth (Frechen and Schirmer, 2011). Using both, 
quartz and feldspar dating from a nearby sediment core (ca. 150 m 
NNW of SB II; REM 1, Fig. 2), Klasen et al. (2015) likewise observed 
significant age discrepancies in the lower part of the sequence which 
were most likely caused by thermally unstable components in the 
quartz OSL signal. Removal of the thermally unstable components by 
filtering the signal showed promising agreement with selected pIR- 
IRSL-dated samples (Klasen et al., 2015) but was not undertaken for all 
samples within that study. Geochemical analyses suggest that observed 
variability in luminescence behaviour down-profile is probably caused 
by changing mineral characteristics. In the upper part of sediment core 
REM 1, the Eltville Tephra (ET) occurred at 2.15 m b.s., giving an 
important chronostratigraphical anchor point. Based on Zens et al. 
(2017) the ET was most likely deposited at 24.3  ±  1.8 ka BP, during 
the late Greenland Stadial (GS) 3. This age was most recently confirmed 
by Förster et al. (2020) who linked the ET to a peak in volcanic minerals 
in the Dehner Maar at 24 300 a BP. 

The Schwalbenberg is furthermore of particular importance to 

Fig. 1. Block diagram of the Lower Middle Rhine 
valley including Remagen-Schwalbenberg and the 
transition to the Lower Rhine Embayment. The 
Schwalbenberg site is located northwest of the Ahr 
River mouth into the Rhine River. Size of the 3D- 
image is 40 × 55 km. Superelevated by factor 1 (no 
superelevation). Geodata: (Lehmkuhl et al., 2018) 
and ALOS digital elevation model (JAXA EORC, 
n.d). 
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Calcaric Cambisols and reaches comparable thickness in all 
Schwalbenberg cores and sections. In profile section RP 1 only the 
upper part of this unit was assessable. In REM 3 and REM 1 coarse- 
grained layers occur in the lower half of this unit, well depicted in EC 
and HPT pressure values and clay contents accompanied by distinct 
minima in TOC contents (REM 3). In contrast, the upper half (above 
REM 3 SU 33 and REM 1 SU 12) shows no more input of coarse-grained 
material. In SB II an erosional channel (SB II SU 14) and a small coarser- 
grained layer (base of SB II SU 16) are also linked to the lower half of 
unit D. The Bw horizons of SSU D in REM 3 show increasing clay and 
TOC contents and minima in Ca/Ti from REM 3 SU 23 over REM 3 SU 
26 towards REM 3 SU 31, accompanied by HPT pressure values closed 
to 740 kPa. REM 3 SU 31 is thereby characterised by the absolute 
maximum of TOC and highest clay contents in unit D, while both 
proxies decrease above an erosional unconformity indicated by the 
coarser-grained layer of REM 3 SU 33, but still allowing for a clear 
differentiation of Bw horizons and intercalated loess and reworked 
loess. The same decreasing trend is visible in EC and HPT pressure. 
While Bw horizons of REM 3 SUs 35, 37, 39 are well depicted in clay 

and TOC contents, they are enclosed in overall higher Ca/Ti-values. 
This signal is visible in all records despite RP 1, where corresponding 
SU are not exposed. 

The uppermost part of SSU D yields a clear signature now traceable 
over all investigated records. It is characterised by a thick loess layer 
(REM 3 SU 40, REM 1 SU 16, REM 5 SU 15, RP 1 SU 1 and SB II SU 29) 
followed by a tripartite soil complex. In REM 3 and REM 1 this differ-
entiation was not visible during macroscopic core description while soil 
horizons could be clearly separated in REM 5, RP 1 and SB II. However, 
proxy-data obviously support the differentiation yielding important 
anchor points along the whole slope. Notably, in REM 3 at a depth of 
14.43 m b.s. platy glass shards were observed at the base of the loess 
layer of REM 3 SU 40 indicating input of volcanic material. 

The next SSU E is developed in all Schwalbenberg cores and sec-
tions, showing decreasing thickness downslope. While it contains the 
characteristic Eltville Tephra (ET tephra) with five separate layers in 
sediment cores REM 3 and REM 1 at the very top of the unit, this 
stratigraphic marker is eroded further downslope in REM 5, RP 1 and 
SB II. Overall, unit E is characterised by calcareous loess and reworked 

Fig. 11. Depth-age correlation of combined lithostratigraphic features and TOC from sediment core REM 3 to Sofular (Fleitmann et al., 2009) and NGRIP δ18O 
records (Rasmussen et al., 2014). OSL and calibrated radiocarbon ages of ECG from the RP 1 profile section and the age of the Eltville Tephra layer (24.3 ka BP;  
Förster et al., 2020; Zens et al., 2017) represent main anchor points for the correlation and are in overall agreement within their error ranges (cf. Table 4). T and the 
dotted black lines refer to volcanic material or tephra layers (see discussion in the text). The archaeological horizon (AH) in the uppermost Bw horizon of a Calcaric 
Cambisol is marked in red. Dotted blue lines represent main erosional unconformities. Brown and greyish bars mark different palaeosols and soil complexes, which 
form during interstadial and interglacial (lower- and uppermost soils) periods, reflecting changing palaeoclimatic and –environmental conditions at the Schwal-
benberg LPS. Depicted OSL ages refer to the Quartz fraction of 63–100 µm, probability distribution of radiocarbon ages is based on CalPal-2007HULU (Weninger and 
Jöris, 2008). The green line represents the accumulation rate deduced from depth versus age, scale is given in the graph in the lower left corner in mm/a. For legend 
see Fig. 6, location of sediment core REM 3 in Fig. 2. See Suppl. Fig S28 for enlarged image. 
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sections, SSU F is relatively thin in REM 1 SU 37. The Gelic Gleysol of 
REM 3 SU 58 is characterised by a clear peak in TOC values (REM 3 
TOCs 4c-4a) and clay concentrations (REM 3 clay 2) and a double-peak 
in EC (REM 3 ECs 3c-3a). The uppermost Gelic Gleysol (REM 3 SU 60) is 
only weakly developed and characterised by slightly greyish colours. 
Downslope, in REM 5 only one candidate for a Gelic Gleysol is observed 
which cannot be correlated with the other LPS. A peak in clay contents 
is identified within the reworked loess of REM 5 SU 28. The two Gelic 
Gleysols on top of the erosional unconformity in section RP 1, namely 
RP 1 SUs 15 and 17, occur as two peaks in clay contents. The lower one 
most likely correlates to SB II SU 41. Correlation between Gelic Gleysols 
along the transect is difficult and suggesting that sediment bleaching 
and/or oxidation may be highly localised as a result of variable water 
table levels and episodic waterlogging above permafrost (Antoine et al., 
2009). 

Following Schirmer (2016) SSU E corresponds to the Hesbaye 
Member, which typically comprises up to three Gelic Gleysols (named 
Erbenheim Soils E1-3). It starts above the last brown soil of the Ahr 
Interstadial Complex and ends within a reworked loess above the ET 
tephra and below the E4 soil. Based on this, the laminated loess of REM 
3 SU 57 below the Gelic Gleysol of REM 3 SU 58 would mark the border 
to the following Brabant-Member. The Hesbaye unconformity, which 
often causes truncation of large parts of the OIS 3 successions (e.g.  
Schirmer, 2016; Fischer et al., 2019) is not observed in the Schwal-
benberg LPS. In contrast, a phase of severe erosion leads to a significant 
truncation of SSU E downslope in REM 5, RP 1 and SB II. Such an 
erosional event is so far only described for the Lower Rhine area, where 
it is named Eben unconformity (Schirmer, 2016). SSU E is mainly 
corresponding to the Late Pleniglacial Brabant Member, which are ty-
pically build up by aeolian loess and contain the E4 Gelic Gleysol as 
important pedostratigraphic marker. REM 3 SU 58 is the most likely 
correlate to the E4 soil. Following Schirmer (2016, 2013d) the Brabant 
Member can contain several Gelic Gleysols of different characteristics. 
However, as mentioned above, a clear stratigraphical identification and 
correlation of these weakly developed soils of the late Pleniglacial re-
mains vague. In contrast, the Upper Pleniglacial tundra gleys (Gelic 
Gleysols) at Nussloch are well developed associated to distinct features 
of periglacial morphodynamics (cp. Antoine et al., 2009), the latter are 
not observed for the Schwalbenberg. 

While at Nussloch loess accumulated in windward position in 
longitudinal ridges, so-called gredas, trending from NNW to SSE (e.g.  
Antoine et al., 2001; Gocke et al., 2014) the loess at Schwalbenberg is 
forming a plateau-like structure in leeward position of the Reisberg 
trending from W to E with overall low inclination. In both sections, the 
transition from Weichselian Middle to Upper Pleniglacial is char-
acterised by increasing aeolian dynamics associated to an opening of 
the landscape and the formation of Gelic Gleysols (Antoine et al., 2009). 
At Schwalbenberg, however, the Late Glacial is superimposed by 
pedogenic processes characterising SSU G. 

6. Conclusions 

We present here the first comprehensive reconstruction of the for-
mation of a loess-palaeosol-sequence in four dimensions, based on the 
combination of surface-based geophysical prospection, in situ borehole 
hydraulic and geophysical profiling, sedimentological, geochemical and 
geochronological data. Based on this approach, we draw the following 
main conclusions:  

I. The loess is underlain by fluvial deposits, which correlate to the 
Lower Middle Terrace (LMT) 1 and at least two further, as yet un-
known, older terrace levels.  

II. The LPS increases in thickness from 13 m along the cliffs facing the 
Ahr and Rhine river valleys, to 27 m in the interfluve position.  

III. The LPS preserved in interfluve position (REM 3) provides the most 
complete record for the Schwalbenberg sequence, and has 

experienced the least truncation by erosion, in average con-
taining < 5 ka/m. This resolution is exceptional for Upper 
Pleistocene terrestrial archives. 

IV. Correlation of combined lithostratigraphic features and TOC con-
tents from Schwalbenberg with the Sofular and NGRIP δ18O-records 
suggests for the sequence younger than the OIS 5/4 transition a 
close match with both the millennial timescales of climatic oscil-
lations as well as the amplitudes of such events. As such, the syn-
thetic Schwalbenberg lithostratigraphic and TOC record can be 
used to document the sensitivity of western European LPS to 
northern hemispheric climate oscillations. The Schwalbenberg LPS 
resolves the Atlantic-driven Upper Pleistocene climate oscillations 
in more detail than any other terrestrial archive in the region so far.  

V. Our multi-proxy correlative approach facilitated the identification 
of erosional events that would otherwise have remained un-
detected. Three types of erosion were identified; firstly, surface 
runoff leading to erosion and subsequent sediment deposition as 
observed at the OIS 5/4 transition, early OIS 4 and early OIS 3; 
secondly, truncation in the downslope position, the most pro-
nounced event of which occurred after the deposition of the ET 
tephra during the late Upper Pleniglacial; and thirdly erosion 
leading to channel formation and subsequent channel filling. 

Overall, our studies at the Schwalbenberg contribute to better un-
derstand the mechanisms controlling the interplay of sediment build 
up, soil formation, sediment relocation and associated preservation of 
climate signals, resulting in the unique resolution of studied LPS. 
Recent methodological developments, especially the combination of 
direct sensing techniques and surface-based geophysical studies ac-
complished by sedimentological analyses contribute to transfer four- 
dimensional reconstructions of landscape formation to a larger spatial 
scale. 
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