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Abstract: The study of geological archives of dust is of great relevance as they are directly linked to past atmo-
spheric circulation and bear the potential to reconstruct dust provenance and flux relative to climate
changes. Among the dust sinks, loess—palaeosol sequences (LPSs) represent the only continental and
non-aquatic archives that are predominantly built up by dust deposits close to source areas, provid-
ing detailed information on Quaternary climatic and terrestrial environmental changes. Upper Pleis-
tocene LPSs of western central Europe have been investigated in great detail showing their linkage to
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millennial-scale northern hemispheric climate oscillations, but comprehensive data on dust composi-
tion and potential source—sink relationships as well as inferred past atmospheric circulation patterns
for this region are still fragmentary.

Here, we present an integrative approach that systematically combines sedimentological, rock mag-
netic, and bulk geochemical data, as well as information on Sr and Nd isotope composition, enabling
a synthetic interpretation of LPS formation. We focus on the Schwalbenberg RP1 profile in the Mid-
dle Rhine Valley in Germany and integrate our data into a robust age model that has recently been
established based on high-resolution radiocarbon dating of earthworm calcite granules. We show that
Schwalbenberg RP1 is subdivided into a lower section corresponding to late oxygen isotope stage 3
(OIS; ~40-30ka) and an upper section dating into the Last Glacial Maximum (LGM; ~ 24-22 ka),
separated by a major stratigraphic unconformity. Sedimentological proxies of wind dynamics (U ra-
tio) and pedogenesis (finest clay) of the lower section attest to comparable and largely synchronous
patterns of northern hemispheric climatic changes supporting the overall synchronicity of climatic
changes in and around the North Atlantic region. The anisotropy of magnetic susceptibility (AMS)
reveals a clear correlation between finer grain size and increasing AMS foliation within interstadials,
possibly owing to continuous accumulation of dust during pedogenic phases. Such a clear negative
correlation has so far not been described for any LPS on stadial-interstadial scales.

Distinct shifts in several proxy data supported by changes in isotope composition (37Sr/3Sr and
eNd) within the lower section are interpreted as changes in provenance and decreasing weathering
simultaneously with an overall cooling and aridification towards the end of OIS 3 (after ~ 35 ka) and
enhanced wind activity with significant input of coarse-grained material recycled from local sources
related to increased landscape instability (after ~31.5ka). We find that environmental conditions
within the upper section, most likely dominated by local to regional environmental signals, signifi-
cantly differ from those in the lower section. In addition, AMS-based reconstructions of near-surface
wind trends may indicate the influence of north-easterly winds beside the overall dominance of west-
erlies. The integrative approach contributes to a more comprehensive understanding of LPS formation
including changes in dust composition and associated circulation patterns during Quaternary climate
changes.

Die Untersuchung geologischer Staubarchive ist von groer Bedeutung, da diese unmittelbar mit der
atmosphirischen Zirkulation verkniipft sind und somit das Potenzial besitzen, sowohl Anderungen
in der Staub-Herkunft als auch im Staubfluss in Verbindung mit Klimadnderungen zu rekonstru-
ieren. Loss-Paldosol-Sequenzen (LPS) stellen in diesem Zusammenhang die einzigen kontinentalen
nicht-aquatischen Archive dar, die sich aus Staubablagerungen bilden, die in relativer Nihe ihrer
Liefergebiete liegen. Sie liefern zudem detaillierte Informationen iiber klimatische und terrestrische
Umweltverdnderungen im Quartir, die sich in Proxy-Daten der Staubzusammensetzung und der syn-
und postsedimentiren Verdnderung widerspiegeln. Zwar belegen detaillierte Untersuchungen von LPS
im westlichen Mitteleuropa direkte Verkniipfungen mit den jungpleistozdnen Klimaschwankungen
der nordlichen Hemisphire, jedoch sind umfassende Daten zur Staubzusammensetzung und zur Kop-
plung von Staubquellen und -senken sowie zu den abgeleiteten atmosphérischen Zirkulationsmustern
in der Region immer noch liickenhaft.

Unter Anwendung eines integrativen Ansatzes, der systematisch sedimentologische, gesteinsmag-
netische und geochemische Daten kombiniert und durch Daten zur Isotopenzusammensetzung ergianzt
wird, ist eine synthetische Interpretation der Bildung von LPS, hier am Beispiel des Profils RP1 am
Schwalbenberg im Mittelrheintal, moglich. Wir verbinden unsere Daten mit einem detaillierten und
robusten Altersmodell, das kiirzlich auf der Grundlage hochauflésender Radiokohlenstoffdatierun-
gen an Regenwurmkalziten (sog. Earthworm Calcite Granules, ECG) publiziert wurde. Auf Basis
dieses Altersmodells kann gezeigt werden, dass das Profil RP1 in zwei Abschnitte, die durch eine
deutliche Diskordanz getrennt sind, gegliedert wird. Der liegende Abschnitt entspricht dabei dem
spiten Sauerstoff-Isotopenstadium (OIS) 3 (~ 40-30 ka), wihrend der hangende Abschnitt in das Let-
ztglaziale Maximum (LGM) datiert (~ 24-22 ka). Fiir den liegenden Abschnitt zeigen die sedimentol-
ogischen Proxy-Daten (U Ratio, feinster Ton) vergleichbare und weitgehend synchrone Muster zwis-
chen dem Schwalbenberg und Daten aus gronlidndischen Eisbohrkernen (NGRIP) und unterstiitzten
somit die Annahme einer Synchronitét von Klimaénderungen in und um den Nordatlantik.
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Die Anisotropie der Magnetischen Suszeptibilitit (AMS) zeigt in Interstadialen eine klare Korrela-
tion kleinerer Korngréen mit zunehmender AMS-Foliation, die moglicherweise auf kontinuierliche
Staubakkumulation wihrend der Pedogenese zuriickzufiihren ist. Ein solch klarer Zusammenhang
wurde fiir LPS mit stadial—interstadialer Auflosung bisher nicht beschrieben.

Im liegenden Abschnitt von Profil RP1 am Schwalbenberg wird eine Abkiihlung und Aridifizierung
im spiten OIS 3 (nach ~ 35ka) durch signifikante Anderungen in verschiedenen Proxy-Daten und
der Isotopenzusammensetzung (37Sr/30Sr und £Nd) deutlich, die auf unterschiedliche Staubquellen
und abnehmende Verwitterung hindeuten. Zusétzlich fiihrt eine erhohte Instabilitdt der Landschaft
in Richtung des LGM (nach ~ 31,5ka) zu verstirkter Windaktivitdt und dem Eintrag grobkornigen
Materials, das aus lokalen Quellen recycelt wurde.

Die Proxy-Daten des hangenden Abschnitts deuten auf Umweltbedingungen hin, die sich sig-
nifikant von jenen des Liegenden unterscheiden und vermutlich durch lokale bis regionale Ein-
fliisse dominiert werden. AMS-basierte Rekonstruktionen der oberflichennahen Windtrends lassen
neben der Dominanz von Westwinden auf einen phasenweisen Einfluss von Winden aus norddstlicher
Richtung schlieBen. Insgesamt sehen wir den vorgestellten integrativen Ansatz als einen wichtigen
Beitrag zum besseren Verstiandnis der Bildung von LPS, welche die Verdnderungen der Staubzusam-
mensetzung und damit verbundener Zirkulationsmuster im Zuge quartdrer Klimaidnderungen besser

beleuchtet.

1 Introduction

The production of mineral dust, its aeolian transport, and its
deposition are important processes of the Earth—atmosphere
system affecting the global radiative balance, changing the
hydroclimate, and providing nutrients to both terrestrial and
marine ecosystems (Muhs, 2013; Knippertz and Stuut, 2014;
Marx et al., 2018). In order to understand potential links be-
tween dust flux and climate changes during the Quaternary,
the study of geological archives of dust is of great relevance,
as these are directly linked to past atmospheric circulation
(Schaffernicht et al., 2020). As such they bear the potential to
reconstruct dust provenance and dust flux relative to Quater-
nary climate changes whose proxies are frequently recorded
in some of these archives (e.g. Mahowald et al., 2006; Ujvéri
et al., 2016).

While ice, marine, and lake records are prominent Quater-
nary palaeoenvironmental and palaeoclimatic archives also
tracing variations in atmospheric dustiness (e.g. Rasmussen
et al., 2014; Sirocko et al., 2016; Kampf et al., 2022), loess—
palaeosol sequences (LPSs) represent the only continental
and non-aquatic archive that is predominantly built up by
dust deposits close to source areas (Muhs, 2013). They are
thus providing detailed information on terrestrial palacoen-
vironmental and palaeoclimatic change including dust com-
position and post-sedimentary alteration (e.g. Ujvari et al.,
2012; Schaetzl et al., 2018).

In western and central Europe, enhanced dust deposition
during Upper Pleistocene stadial periods has been largely as-
cribed to increased fine particle production through glacial
grinding activity, frost shattering, and entrainment of silty
material from alluvial plains; glacial outwash plains; en-
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dorheic basins; and exposed continental shelves (Frechen
et al., 2003; Antoine et al., 2009; Smalley et al., 2009;
Lehmkuhl et al., 2021; Potter et al., 2021). In combination
with gustier winds related to steepened meridional temper-
ature gradients during stadial periods (McGee et al., 2010),
the increased dustiness is reflected in peak dust accumula-
tion especially during oxygen isotope stage (OIS) 2 along
the western European loess belt (e.g. Frechen et al., 2003;
Ujvairi etal., 2017; Fischer et al., 2021; Schmidt et al., 2021).
This pattern is also observed in regional aquatic archives,
such as maar lakes (e.g. Seelos et al., 2009; Fuhrmann et
al., 2021) and supra-regional archives, such as Greenland ice
cores (e.g. Rasmussen et al., 2014; I:ijéri et al., 2022).

In recent times, Upper Pleistocene key LPSs in west-
ern Europe have been investigated in great detail show-
ing their linkage to northern hemispheric glacial-interglacial
and millennial-timescale climate oscillations (e.g. Rousseau
et al.,, 2007; Moine et al., 2017; Fischer et al., 2021;
Prud’homme et al., 2022), but comprehensive data on dust
composition and potential source—sink relationships as well
as inferred palaco-wind directions for this region are still
scarce (e.g. Taylor et al., 2014; Schatz et al., 2015).

With this study we aim to contribute to a better understand-
ing of dust provenance and past environmental dynamics us-
ing different methodological tools to investigate dust com-
position and to discuss potential source—sink relationships
during late OIS 3 (~40-30ka) and parts of OIS 2 (~24-
22ka) in western central Europe. Over the last few years,
we were able to show that the Schwalbenberg LPSs in the
Middle Rhine Valley in Germany resolve the last glacial cy-
cle in exceptional temporal detail (Fischer et al., 2021; Vin-
nepand et al., 2022), proving previous studies that suggested

E&G Quaternary Sci. J., 72, 163—184, 2023



166

a linkage with the last glacial millennial-scale climate os-
cillations recorded in Greenland ice cores (Schirmer, 2000,
2011). Here, we focus on the 5.6 m deep section RP1, ex-
posed at the southern edge of the Schwalbenberg. The RP1
profile was studied in detail by Fischer et al. (2021). Beside
quantitative climate reconstructions based on the study of
oxygen and carbon isotopes of earthworm calcite granules
(ECGs), Bayesian age modelling based on radiocarbon dat-
ing of ECGs was used to establish a robust and reliable age
model of the Schwalbenberg RP1 LPS (Prud’homme et al.,
2022). Here, we use high-resolution sedimentological, rock
magnetic, and bulk geochemical data to characterize dust
composition along the stratigraphy. In addition, isotope geo-
chemical measurements (!*3Nd/!**Nd and 87Sr/%0Sr) were
conducted at lower resolution.

The U ratio, defined as the ratio of coarse versus medium
plus fine silt, is employed to reconstruct wind dynamics and
potential processes of sediment reworking (Vandenberghe et
al., 1985; Vandenberghe, 2013). In addition, the finest clay
content mostly reflects pedogenically formed clay (Schulte
and Lehmkuhl, 2018) but potentially also dust components
that have travelled longer distances (e.g. Muhs, 2013).

Beside such sedimentological data, the magnetic suscep-
tibility evolved to an essential stratigraphic tool in the in-
vestigation of LPSs. As shown for many sites in Eurasia,
magnetic susceptibility increases in palacosols (magnetic en-
hancement), while relatively unaltered loess shows lower val-
ues. In contrast, lower magnetic susceptibility in palacosols
compared to loess is explained by the wind-vigour model
(e.g. Evans and Heller, 2001); by waterlogging causing dis-
solution of iron minerals, which is mainly observed in loess
affected by periglacial conditions (e.g. Taylor et al., 2014;
Fischer et al., 2019); or by high amounts of primary mag-
netically enhanced sediments and their weathering products
(von Suchodoletz et al., 2009; Obreht et al., 2016). In addi-
tion to low field bulk magnetic susceptibility (hereafter MS)
the frequency-dependent magnetic susceptibility (hereafter
MSgq) is a qualitative parameter that allows us to determine
the relative amount of newly formed ultrafine magnetic par-
ticles in the course of (incipient) pedogenesis (e.g. Buggle
et al., 2014; Braddk et al., 2021). In the context of the re-
construction of past circulation patterns, the anisotropy of
magnetic susceptibility (AMS) can additionally be utilized,
which potentially reflects near-surface wind directions, if the
primary magnetic fabric is preserved (Hrouda, 2007; Zhang
et al., 2010; Taylor and Lagroix, 2015; Zeeden and Ham-
bach, 2021).

In addition to these physical parameters, the bulk ele-
ment composition is frequently employed to identify po-
tential provenance shifts and sediment recycling as well as
weathering intensity (cf. Buggle et al., 2011; Klasen et al.,
2015; Profe et al., 2016; Vinnepand et al., 2022). In com-
bination with Sr and Nd isotope geochemistry, which is a
common tool in provenance studies (Grousset and Biscaye,
1989, 2005), potential changes in dust sources as well as sec-
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ondary alteration of isotope signals may be detected in LPSs.
While 43Nd/'#4Nd is a well-established provenance proxy
that is strongly resistant to surface processes (e.g. weath-
ering) (Goldstein and Jacobsen, 1988; Meyer et al., 2009;
Grousset and Biscaye, 2005), 87Sr/30Sr might be prone to
grain size effects (Feng et al., 2009) and to alteration through
weathering (e.g. Clauer and Chaudhuri, 1995), potentially
limiting a straightforward interpretation in terms of chang-
ing dust sources.

The systematic combination of these physical and geo-
chemical proxy data opens the perspective for a comprehen-
sive interpretation of LPS formation in the Middle Rhine Val-
ley in Germany. Employing such an integrative approach, we
aim to detect significant shifts in dust composition and dis-
cuss potential causes against the background of palaeoenvi-
ronmental and palaeoclimatic oscillations during the time pe-
riod investigated.

2 Regional setting and stratigraphy

The Schwalbenberg site in the Middle Rhine Valley is located
in the centre of the Rhenish Massif (Germany; 50.562378° N,
7.240425° E; —90-135ma.s.l. — above sea level; Fig. 1).
Up to 30m thick Upper Pleistocene LPSs drape the lower
middle terrace 1 (LMT 1) of the penultimate glaciation
(cf. Boenigk and Frechen, 2006) and at least two further,
older terrace levels of the Rhine, overall resolving Atlantic-
driven Upper Pleistocene climate oscillations in more detail
than any other terrestrial archive in the region described so
far (Fischer et al., 2021). Nowadays, the area is character-
ized rather by a maritime climate influence (mean annual
temperature: 10.2°C; mean annual precipitation: 643 mm;
Deutscher Wetterdienst, 2023), with low-air-pressure sys-
tems predominantly entering the area from the Atlantic to
the west (Prud’homme et al., 2022).

During the Upper Pleistocene the site was situated be-
tween the glaciated Alps in the south; the Fennoscandian
(FIS) and British—Irish ice sheets (BIIS) in the north, which
reached their maximum extents during the Last Glacial Max-
imum (LGM) (e.g. Lambeck et al., 2014); and the — at this
time — dried out plains of the English Channel westward and
north-westward (Fig. 1), all of which are considered impor-
tant dust-producing and dust source areas for LPSs in west-
ern and central European periglacial realms (Antoine et al.,
2009; Lehmkuhl et al., 2021; Baykal et al., 2022). In addi-
tion, the alluvial plains of — over long periods — braided river
systems, here the Rhine and its tributaries, are assumed to
represent major regional dust sources during stadial phases
(e.g. Schatz et al., 2015; Rousseau et al., 2018).

Furthermore, the Rhenish Massif itself experienced inten-
sive frost-weathering in the most severe cold periods of the
Pleistocene and intensive sediment relocation under cold and
humid conditions, forming Pleistocene periglacial slope de-
posits (PPSDs) (Sauer and Felix-Henningsen, 2006), rep-
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Figure 1. Map based on the digital elevation model (GLOBE 1.0) showing western central Europe during the Last Glacial Maximum
(LGM, centred at ~ 22 ka); the location of the Schwalbenberg site in the Middle Rhine Valley, Germany; and selected key sites (see text for
explanation). The Schwalbenberg site is located between the Alpine ice sheet in the south and the Fennoscandian and British—Irish ice sheets

in the north.

resenting potential subordinated local dust sources (Janus,
1988; Romer et al., 2016).

During the Upper Pleistocene, the Schwalbenberg site was
located close to the alluvial plains of the braided systems
of the rivers Ahr and Rhine, reflecting possible sources of
mineral dust of local to regional origin. The comparably
small Ahr River catchment (6.63m> s~ mean annual dis-
charge; Ministry for Environment RLP, 2021) is located in
the northern parts of the Eifel area where Devonian rocks
(mostly schistose clayey silt- and sandstones and subordi-
nated limestones) are predominant (Meschede, 2018; Fig. 2).
In contrast, the Rhine catchment until the mouth of the
Ahr (2010 m? s~! mean annual discharge ~ 20 km south of
Schwalbenberg; International commission for the hydrology
of the Rhine basin, 2021) includes the north-western Alps

https://doi.org/10.5194/egqsj-72-163-2023

and the Upper Rhine Graben (with small tributaries drain-
ing parts of the Vosges, Black Forest, and Odenwald), as
well as its main tributaries with the rivers Neckar (draining
parts of the Swabian Alb, Triassic Keuperbergland (Keuper
Uplands), Black Forest, and Odenwald), Main (draining the
Fichtel Mountains, Franconian Alb, and several other Fran-
conian uplands), Lahn (draining the Rhenish Massif), Nahe
(draining predominantly the Saar—Nahe basin), and Mosel
(draining parts of the Vosges, the easternmost Paris Basin,
and the Rhenish Massif) (Meyer and Stets, 1996; Fig. 2).

In this study, we focus on the 5.60 m thick RP1 profile lo-
cated at the southern fringe of the Schwalbenberg facing the
Ahr valley (Figs. 3, 4). The profile was described and subdi-
vided into 21 stratigraphic units (SUs), correlated to superor-
dinate stratigraphic units (SSUs) D, E, and F within the gen-

E&G Quaternary Sci. J., 72, 163—-184, 2023
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Figure 2. Geological map showing the main geological units of the
Rhine catchment up to the Lower Rhine Embayment (Federal Insti-
tute for Geosciences and Natural Resources Germany, 2022). Cal-
careous rocks and sediments dominate the Rhine catchment in the
northern Alps and the Molasse basin. The flanks of the Upper Rhine
Graben include volcanites and metamorphic pre-Devonian rocks as
well as Triassic siliciclastics and carbonates. The Rhenish Massif
is dominated by Devonian slates and sandstones, and subordinated
Devonian limestones occur.

eral Schwalbenberg stratigraphic model (Fischer et al., 2021;
see Table 1). The SSUs were defined by lithology and by the
classification of palaeosols according to the IUSS Working
Group WRB (Schad et al., 2015).

High-resolution radiocarbon dating on ECGs confirm
that the lower section of the sequence covers late OIS 3,
which is characterized by the formation of Calcaric Cam-
bisols at Schwalbenberg correlated to Greenland Interstadials
(GIs) 8-6 (cf. Fischer et al., 2021; Prud’homme et al., 2022).
The Calcaric Cambisols of SUs 2—-6 build a soil complex,
whilst the uppermost Calcaric Cambisol (SU 8), correlated
to GI 6, is clearly separated from the previous one by a loess
layer (SU 7).

Based on the RP1 age model (Prud’homme et al., 2022),
the Gelic Gleysol of SU 11 covers the transition from GI 5.2
to Greenland Stadial (GS) 5.2. A formation during milder cli-
mate conditions during GI 5.2 is likely. The next loess layer
of SU 12 is truncated due to erosion prior to accumulation of
the upper section represented by SSU F.

SSU F above the unconformity (base of SU 13) contains
reworked loess, loess, and weakly developed Gelic Gleysols

E&G Quaternary Sci. J., 72, 163—-184, 2023
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Figure 3. (a) Map of the Lower Middle Rhine Valley in west-
ern central Germany based on the digital elevation model (DEM
based on SRTM 30 data by USGS (2022). The Schwalbenberg site
is located north-west of the confluence of the Rhine and the Ahr.
These river systems are the most important source areas of mineral
dust. (b) The inset map (BingMaps, 2021) shows the position of
the REM 3 key LPSs and the RP1 section (cf. Fischer et al., 2021;
Prud’homme et al., 2022).

correlated to OIS 2 between ~ 24 000 and 21 900 cal BP (see
Sect. 3.5).

3 Materials and methods

Continuous sampling in 2 cm intervals was performed for
grain size, bulk geochemical, and rock magnetic analyses in-
cluding the determination of the anisotropy of magnetic sus-
ceptibility (AMS). However, the latter was conducted for ev-
ery second sample (see Sect. 3.3). In addition, we collected
30 samples with 5 cm sampling width for Sr and Nd isotope
analyses according to stratigraphy (see Fig. 4 for sample dis-
tribution, sampling intervals are given in Table S2).

3.1 Laser granulometry

We analysed the grain size of samples from the Schwal-
benberg RP1 profile to calculate the U ratio and finest clay
proportion. The U ratio is defined as the ratio of coarse
versus medium and fine silt (Vandenberghe et al., 1985;
Ujviri et al., 2016) and is used to discriminate between sedi-
ments that were transported by dynamic and relatively strong
winds (high U ratio) and those transported by weaker winds
(low U ratio) (Vandenberghe et al., 1997). The finest clay
proportion (fCl < 0.2 um) mainly reflects post-depositional

https://doi.org/10.5194/egqsj-72-163-2023
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secondary magnetic fabric and loess layers used for AMS-based reconstruction of near-surface wind directions following the statistical
assessment (see Supplement for details); grain size data: U ratio and finest clay; magnetic fabric and environmental magnetism: foliation
of the AMS, MS (x @300 Hz), and MS¢q (A x(fd)); geochemical data: log Ti/Al and log Sr/Rb; isotope geochemistry: 87Sr/gGSr and eNd.
Sr and Nd isotope sampling positions are indicated by grey squares next to the stratigraphic log of SUs, and 2o for internal basalt standard
measurements (reproducibility) is below the size of the sample symbols for 87 Sr/ 865 but exceeds these for éNd (see scale in the data plot).
For the calculation, statistics and uncertainty of AMS data, and details on sample reproducibility of isotope measurements, we refer the

reader to the Supplement.

grain size reduction by chemical weathering (Schulte and
Lehmkuhl, 2018).

We undertook granulometry using a laser diffraction par-
ticle size analyser (LS 13 320 PIDS, Beckman Coulter) to
analyse non-decalcified samples (cf. Schulte et al., 2016).
Sample pre-treatment involved removal of organic carbon by
0.70mL 20 % H,0, and dispersion with 25 mL of NasP,07
at 0.1molL~! for 12h (Jones, 2003; Blott et al., 2004).
Quadrupole measurements using two different concentra-
tions ensured high precision. Through data processing, we
applied the Mie theory (fluid RI: 1.33; sample RI: 1.55; imag-
inary RI: 0.1; Jones, 2003; Ozer et al., 2010).

3.2 Bulk geochemistry

We integrated the Ti/Al ratio as a provenance indicator,
as both elements are relatively immobile and their ratio
is not significantly affected by weathering or pedogenesis
(e.g. Zech et al., 2008; Sheldon and Tabor, 2009). In ad-
dition, we complementarily use the Sr/Rb ratio as an indi-
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cator of weathering intensity based on the assumption that
Sr shows an analogous behaviour to Ca being easily solu-
ble and mobile in the course of weathering, while Rb be-
haves relatively immobile under moderate weathering condi-
tions due to strong adsorption to clay minerals (e.g. Buggle
et al., 2011). We are aware of the fact that the initial Sr/Rb
ratio is maybe partly masked by the dynamics of carbonate-
bound Sr in the course of secondary carbonate precipitation
(e.g. Buggle et al., 2011; Profe et al., 2016), the latter effect
being detailed by Vinnepand et al. (2020) for the Schwalben-
berg LPS.

We determined element composition with a polarization
energy dispersive X-ray fluorescence (EDP-XRF) spectrom-
eter (Spectro Xepos, Spectro) onto pressed sample pellets
(bulk sediments <2 mm) (see Vinnepand et al., 2022). Mea-
surements were performed in duplicates to ensure data qual-
ity (measurements were excluded in the case when duplicates
exceeded 307). We used the decadic logarithm (log ratios) of
element ratios for data symmetry and to overcome the closed
sum constraint (Weltje et al., 2015; Profe et al., 2016). For
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Table 1. Subdivision of the RP1 profile into superordinate stratigraphic units (SSUs) F, E, and D (lower (older) SSUs are not exposed at
RP1) and stratigraphic units (SUs) and their corresponding lithological and pedological interpretation (see Fischer et al., 2021, for further
details). The ages were published by Prud’homme et al. (2022) based on radiocarbon dating applied to 22 ECG samples, and the calibration
was based on IntCal20 (Reimer et al., 2020). The Greenland events are shown according to the INTIMATE event stratigraphy (Rasmussen
et al., 2014). The radiocarbon ages have been integrated into Bayesian age modelling (Prud’homme et al., 2022) using the Bacon software
(Blaauw and Christeny, 2011). The age model is integrated into Fig. 6 in the Discussion section.

Profile RP1 SSU SU Lithology/pedology Age (cal BP)  Greenland events
min-max (20)
Upper section F 21  Loess -
F 20  Gelic Gleysol 2142622150 GS2.1a
F 19  Loess 22327-22500 GS2.1a
F 18  Reworked loess 22424-22652 GS2.1a
F 17 Gelic Gleysol 22557-22846 GS2.1a
F 16  Reworked loess 22793-23073 GS2.1a
F 15  Gelic Gleysol 23079-23663 GI2.2
F 14 Loess 23863-24619 GS3
Unconformity (base of SU 13) F 13 Reworked loess - -
Lower section E 12 Loess 30199-30970 GS 5.2/GIS5.1
E 11 Gelic Gleysol 31128-32018 GIS5.2/GS5.2
E 10  Loess - GI52/GS5.2
E 9  Loess (partly laminated) 31862-33931 GS 6/GI 5.2
E 9  Loess (partly laminated) 32562-33412 GI6/GS 6
E 9  Loess (partly laminated) = 32922-33614 GI6/GS 6
D 8  Calcaric Cambisol 33077-33703 GI6
D 7  Loess 33728-34310 GS7
6 34749-34153 GI7/GS7
D 6 35134-34453 GI7/GS7
D 5  Soil complex (Calcaric 34879-35675 GI17
D 4 Cambisols, SU 2-6) 35298-36380 GS 8
D 3 36406-37473 GI8
D 2 36826-38129 GI8
D Loess 37374-38873 GS9
D Loess 38162-39963 GS9

integrating the element concentrations of Sr and Nd in the
context of mixing equations (cf. Faure and Mensing, 2005),
we applied XRF measurements to the same samples used for
isotopic measurements (see Sect. 3.4).

3.3 Magnetic susceptibility and anisotropy of magnetic
susceptibility

Since the 1980s environmental magnetic parameters have
been recognized as fundamental palaeoclimate proxies for
Eurasian LPSs, and low field magnetic susceptibility (MS)
was established as a stratigraphic tool, facilitating corre-
lations between terrestrial deposits and the marine record.
The latter is based on stratigraphic oxygen isotope data for
oceanic foraminifera, which in turn is a proxy for global ice
volume (e.g. Evans and Heller, 2003; Liu et al., 2012). The
frequency dependency of magnetic susceptibility (MSgq),
also expressed as the absolute difference of x @300 Hz and
X @3000 (Hz x @300 Hz—x @3000Hz = A), provides in-
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formation on magnetic grain size spectra and may allow for
the assignment of magnetic enhancement to soil formation
processes to wind vigour effects and depletion due to hydro-
morphy in comparison to the low field MS (Forster et al.,
1994; Bradak et al., 2021).

Furthermore, MS in LPS deposits has one additional appli-
cation. Directional measurements of MS on oriented samples
are used for fabric analyses. The AMS (anisotropy of mag-
netic susceptibility) method is an established structural in-
dicator even in unconsolidated geological materials (Bradak
et al., 2020). Magnetic fabric can be correctly approximated
by a second-order symmetric tensor and fabric magnitude
(i.e. degree of anisotropy) and fabric shape (i.e. prolate or
oblate). Additionally, the orientation of principal axes of
AMS ellipsoids (Kmax, KiNnT, KMmIN) can be used for fab-
ric characterization and quantification (Hrouda, 2007).

In order to study the natural physical properties of the
undisturbed sedimentological fabric, we collected oriented
samples (cube edge lengths 2 cm, hence 8 cm® sample vol-
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ume) exhibiting a ~ 2.1 cm vertical spacing of their cen-
tres (Zeeden et al.,, 2015; Zeeden and Hambach, 2021).
The volume MS was measured using a susceptibility bridge
(VFSM; Magnon, Germany) at AC fields of 300 Am~! at
300 and 3000 Hz, respectively. Subsequently, the resulting
values were mass normalized and given as mass-specific MS
(x) (cf. Buggle et al., 2014; Zeeden et al., 2018). Every
second sample (~ 4.2 cm stratigraphic resolution) was sub-
ject to AMS measurements using a MFK1-FA kappabridge
(AGICO) in a 400 Am~! and 976 Hz alternating field and a
rotator. We visualized the results of AMS measurements as a
magnetic susceptibility ellipsoid with three orthogonal prin-
cipal axes: the maximum axis (Kyax), the intermediate axis
(K1nT), and the minimal axis (Kyn) by using the Anisoft
v. 5.0.18 software supplied by AGICO. The magnetic sus-
ceptibility ellipsoid defines the overall magnetic fabric of a
rock sample, reflecting the statistically preferred orientation
of mineral grains. In this study, we employed the most com-
mon anisotropy parameters that are used to investigate the
nature of magnetic fabrics in LPS, i.e. lineation (L) and foli-
ation (F) describing the shaped and oblateness of an AMS
ellipsoid, respectively. The data are presented in rose dia-
grams of Kpax and stereoplots displaying the full spatial
orientation of Kymax, KiNT, and Kyvin. The applied assess-
ment protocol (see Fig. 4) and associated statistical analyses
are detailed in the Supplement.

3.4 Strontium and neodymium isotope geochemistry

The original Sr and Nd isotope compositions of igneous
rocks represent fingerprints for their petrogenesis (e.g. pref-
erential partitioning of incompatible Nd and Rb into the melt
and compatible Sm and Sr into the solid residue during mag-
matic differentiation) and age (radioactive decay of 3’Rb to
878r and '47Sm to 143Nd) (DePaolo and Wasserburg, 1976;
Goldstein et al., 1984; Grousset and Biscaye, 1989). This
leads to characteristic 1**Nd/!**Nd (¢Nd) and 87Sr/%0Sr iso-
tope signatures in crustal and mantle rocks, with felsic rocks
having high 37Sr/30Sr and low **Nd/!#*Nd (¢Nd) and the
inverse for mafic (mantle-derived) rocks (eNd represents
the original measured '**Nd/!#*Nd normalized to the chon-
dritic uniform reservoir 0.512638 (CHUR, ¢t = 0) (Faure and
Mensing, 2005) following the equation

eNd = (14/143Ndgample /144/143NdCHUR — 1) x 10000. (1)

Older rocks of similar mineralogical composition have more
radiogenic 87Sr/80Sr and eNd due to prolonged radioactive
decay. Sediments forming through physical weathering of
crustal rocks inherit the isotope composition of their bedrock
(Goldstein and Jacobsen, 1988, 1987). The Sr isotope com-
position in a dust sink may differ from the source due to
mineral sorting e.g. during (aeolian) transport (Ujvari et al.,
2012), and selective depletion of Sr-bearing minerals during
chemical weathering (e.g. Drouet et al., 2007). Hence, more
soluble Sr-rich minerals such as carbonates may change the
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original 37Sr/30Sr bulk sediment composition. In contrast,
eNd is strongly resistant to surface weathering and grain size
sorting effects (Meyer et al., 2009; Ijjvairi et al., 2012; Wang
et al., 2007; Zhu et al., 2021), still reflecting the original or
rather unchanged source rock composition. Prior to sample
digestion, we dissolved pedogenic calcites while preserving
clay minerals (0.5M acetic acid) (Ujvari et al., 2012). For
sample digestion, we used 6 mL of 48 % HF (AR grade) and
1 mL of trace grade 68 % HNO3 and heated the mixture at
150°C in Teflon bombs. Purified Sr and Nd fractions were
used to determine '**Nd/'#*Nd and 37Sr/3Sr using an Iso-
topix Phoenix TIMS (thermal ionization mass spectrometer)
device through multi-dynamic analyses. For quality control,
we ran the NIST SRM 987 reference material (37Sr/30Sr =
0.710255+0.000013 at 20, n = 5) for Sr and the JNdi-1 ref-
erence material (**Nd/!*Nd = 0.512103+0.000004 at 20,
n =7) for Nd. The average standard error for 100 ratios of
data for each of the samples is 0.000011 for 87Sr//36Sr and
0.000002 = 2 SE for **Nd/!#*Nd (for more information on
sample preparation, purification, and quality control, please
see Supplement).

3.5 Age modelling

Prud’homme et al. (2022) constrained the time span of a dis-
tinct unconformity at the base of SU 13 as a ~ 5-6kyr hia-
tus spanning 30970-30199 to 24 619-23 863 cal BP, based
on the closest radiocarbon ages below and above the uncon-
formity, respectively (see Table 1). Quantitative climate re-
constructions and the age model presented in Prud’homme
et al. (2022) were related to the stratigraphical positions of
the ECG samples chosen for either stable isotope analyses
or radiocarbon dating, whereof no samples were taken from
SU 13 and the lower part of SU 14 (both SUs located above
the unconformity). Here, we performed continuous sampling
in 2 cm intervals for grain size, bulk geochemical, and rock
magnetic analyses. Thus, we produced a continuous analyt-
ical data set along a discontinuous age model. To account
for this, we also integrated the stratigraphic information as
described by Fischer et al. (2021). Based on their litho- and
pedostratigraphic model, the erosional phase causing the hia-
tus in section RP1 must have taken place with or shortly after
the deposition of the Eltville tephra. This tephra, whose av-
erage age is around 24.3 ka (Zens et al., 2017; Forster et al.,
2020), is an important stratigraphic marker found in many
western European LPSs (e.g. Meijs et al., 1983). We then
re-calculated the age model with 2cm intervals using the
Bacon software (Blaauw and Christeny, 2011) and the Int-
Cal20 calibration curve (Reimer et al., 2020). For the pro-
file section from 260 cm (base of SU 13 = unconformity) to
222 cm below surface (position of the first radiocarbon sam-
ple above the unconformity), we assume a continuous age
decrease with depth, ranging from 24 300 to 23 945 cal BP.
With regard to our interpretation of the proxy data plotted
against the age model (Fig. 6), we are aware that age uncer-
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Figure 5. Stereoplots showing the full spatial orientation of Knjax, KINT» and KpN and rose diagrams of the lineations for all samples that
passed the criteria as outlined (Fig. 4 and Sect. S1 in the Supplement) and the subsets for loess, reworked loess, Gelic Gleysols, and Calcaric
Cambisols. See Figs. S1 and S2 for a comparison of all samples for each sediment type.

tainties occur both in the radiocarbon-based age model and in
the INTIMATE (INTegration of Ice-core, MArine and TEr-
restrial records) event stratigraphy. In the latter, for instance,
the maximal counting error for GI 5.2 is 1024 years (Ras-
mussen et al., 2014) and thus in a similar range as the errors
in the underlying Bacon age model.

4 Results

4.1 Down-profile variation in selected proxy data

A clear subdivision of the RP1 profile is visible in all selected
proxies. Based on significant sedimentological changes in
the stratigraphical succession, a lower section (SUs 1-12)
reaching to the unconformity and an upper section above the
unconformity (SUs 13-21) are distinguished (Fig. 4). The
U ratio shows maxima in the loess layers (SUs 7, 9, 10, 12)
and in the middle of the basal soil complex (SUs 1-6), while
the finest clay shows an inverse behaviour with distinct max-
ima in all well-developed palaeosols. Above the unconfor-
mity, the variations in clay content are significantly lower,
showing a minimum at the transition from SU 13 to 14 and
weak maxima in the Gelic Gleysols of SUs 15 and 17. In
contrast, the U ratio shows higher and significant variations
with absolute maxima in SUs 13 and 18 and weak minima in
the Gelic Gleysols (SUs 15 and 17). Throughout the profile
and especially below the unconformity, minima in the U ratio
and maxima in the finest clay correspond to increased folia-
tion values.
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The MS shows low variations in the entire lower part, with
a slight decrease from the base to the midst of SU 8, fol-
lowed by slight increases towards the midst of SU 11 from
where it slightly decreases again. Obviously, palacosols and
loess layers are not clearly differentiated. The MS¢gq shows
an overall decrease from the base to SU 11, with increased
amplitudes above SU 6 and an inverse trend compared to the
MS from the top of SU 8 to SU 11. In the top part of SU
11, the values significantly increase towards the unconfor-
mity. In SU 13 both MS and MS¢g reach maximum values,
whereof the MS forms a distinct peak. Above, the MS shows
minima in SUs 15, 17, and 20, where intensive hydromor-
phic staining has been observed. Another maximum is ob-
served at the base of the reworked loess of SU 18, while the
MSgq is continuously decreasing towards the top of the se-
quence. Log Ti/Al shows minor variations throughout the
lower section, with slightly increasing values on top of the
Calcaric Cambisol of SU 8. As described for the MS and
MS¢yq, also log Ti/Al increases towards the unconformity and
above, again forming a distinct maximum in SU 13. Gen-
erally lowered values are observed until the top of SU 17
and above SU 19, with higher values in between. Log Sr/Rb
shows the lowest values in the well-developed palaeosols of
the basal soil complex. From the top of SU 5 the values in-
crease, before they newly decrease from the top of SU 11 to-
wards the unconformity. Remarkably, the MS and log Sr/Rb
show a high correlation from SU 7 to SU 11. Above the un-
conformity, log St/Rb shows no significant variations. Both
the 87Sr/80Sr ratio and ¢Nd cover a relative restricted range
from 0.722 to 0.730 and from —10.77 to —11.98, respec-
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tively. The 87Sr/30Sr ratio increases from the base until SU
6. In contrast, apart from the lowermost sample ¢Nd follows
this trend until SU 3 but turns into the opposite trend there-
after, reaching the absolute minimum at the base of SU 6,
accompanied by the absolute maximum of 37Sr/%Sr. To-
wards the unconformity, both 87Sr/ 86Sr and &Nd show an
inverse behaviour with decreasing 87Sr/30Sr and increasing
eNd values. Above the unconformity, throughout the upper
section only minor variations in 87Sr/80Sr occur. In contrast,
eNd overall decreases towards the base of SU 18, apart from
one peak at the top of SU 16. From the base of SU 18 it
increases again until the top of the sequence, thus being de-
coupled from 87Sr/80Sr in the upper part of the sequence.

To sum up, all proxy records indicate not only significantly
differing characteristics below and above the unconformity
but also a clear change starting in the upper part of the Gelic
Gleysol of SU 11.

4.2 Magnetic fabric

Overall, the preferential direction of the lineation of all sam-
ples that passed the assessment protocol (see Fig. 4, Sect. S1)
is SSW to NNE (Fig. 5). This is also true for datasets com-
prising all samples (Figs. S1, 2). All stereoplots show a hori-
zontal plain defined by Kyax, KINT, and Kyin plotting per-
pendicular to this plain and close to the vertical axis. It should
be noted that the principal axes of the AMS ellipsoids and
the resulting lineations are linears and not vectors, as they
do not indicate a distinct direction but only an alignment.
For example, an NE-pointing trend in the rose diagrams is
equivalent to a SW trend and vice versa, as the diagram is
to be read point-symmetrically. In the rose diagrams of lin-
eation and stereoplots, the loess units indicate clear popula-
tions (~ 15 to ~45° and ~ 195 to ~ 225°) aligned ~ NE-SW.
However, reworked loess exhibits a second subordinate di-
rection perpendicular to the main direction (~ NNE-SSW),
possibly reflecting multiple water-runoff and sediment re-
working effects (cf. Tarling and Hrouda, 1993). The Gelic
Gleysols show a clear dominance of NNE-SSW lineations,
and the Calcaric Cambisols show a preferential trend of lin-
eations scattering between NNE-NE and SSW-SW. Further
information on the AMS results is given in the Supplement.

5 Discussion

5.1 Stratigraphic interpretation of proxy data

In order to comprehensively discuss our results, all
Schwalbenberg RP1 proxy data were plotted against the
radiocarbon-derived Bayesian age model (Fig. 6) accom-
plished by sedimentation rate and precipitation quantifica-
tion (Prud’homme et al., 2022). Schwalbenberg RP1 is sub-
divided into a lower section that covers the period from the
end of GS 9 until the end of GS 5.2 (~ 39 200-30 800 cal BP)
and an upper section covering the last third of GS 3 until
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GS 2.1 (~24300-21900 cal BP). In the lower section, well-
developed palaeosols and loess layers particularly resolve the
period from GIs 8-5.2 and corresponding GSs, respectively.
Ranging between 2 and 3, the U ratio shows values typical
for central European LPSs, with lower values during inter-
stadials related to reduced wind activity and higher values
during stadials indicating gustier winds (e.g. Vandenberghe,
2013; Kampf et al., 2022).

The basal soil complex (SUs 2-6) contains well-developed
Calcaric Cambisol horizons depicted by two distinct clay
peaks and lowest Sr/Rb values, attesting intensive weather-
ing and pedogenesis. In this context, the increase in 37 Sr/30Sr
is unlikely to predominantly reflect provenance changes due
to its susceptibility to weathering impacts (cf. Clauer and
Chauduri, 1995), while the distinct shift in eNd might be re-
lated to a dust source signal (see Sect. S4).

The first clay maximum is followed by an increase in the
U ratio and a distinct peak in the sedimentation rate, cor-
responding to the second half of GI 8. After a short de-
cline, the Schwalbenberg sedimentation rate increases in tan-
dem with elevated dust probabilities in the nearby Eifel maar
lakes (Fifel Laminated Sediment Archive, ELSA, dust prob-
ability; Seelos et al., 2009), indicating continuous dust in-
put until the beginning of GI 5.2. This pattern diverges from
the trend recorded in the North Greenland Ice Core Project
(NGRIP), where high Ca2* values relate to GSs and distinct
minima to GIs. This difference supports the idea of an ac-
cretionary character of the Schwalbenberg LPSs in general
and the palaeosols in particular, as described by Vinnepand
et al. (2020) and Fischer et al. (2021).

After GI 7, clay contents in RP1generally decrease but still
peak within the palaeosols of GI 6 (Calcaric Cambisol) and
GI 5.2 (Gelic Gleysol). The U ratio follows exactly the oppo-
site trend, showing overall coarsening. Hence, this indicates
enhanced wind activity from GS 7 onwards, with clear max-
ima during GSs and reduction during GIs, respectively.

The MS¢q shows overall decreasing values from SU 1 up to
the base of SU 11, indicating a continuous reduction in fine
magnetic particles. As MS is contemporaneously increasing
(Fig. 4), we assume that this opposite trend is related to a
domination of wind vigour over pedogenesis (e.g. Evans and
Heller, 2001). This is also supported by high U ratio val-
ues especially in loess layers (SUs 9 and 10) and a strong
increase in log Sr/Rb, indicating reduced weathering and in-
put of primary carbonates at the same time (see Vinnepand
et al., 2020; Fischer et al., 2021).

Log Ti/Al, which is interpreted to relate to provenance
(Zech et al., 2008; Profe et al., 2016), shows only minor fluc-
tuations in the entire lower section until SU 12. In contrast,
significant decreases in 37Sr/80Sr and increases in eNd are
observed within GS 7 (top of SU 6 and SU 7) towards GI 6
(SU 8) and GS 6 (on top of SU 8) towards GI 5.2 (SU 11),
respectively.
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Figure 6. Comparison of selected proxy data from Schwalbenberg RP1, compared with the NGRIP event stratigraphy, with 8180 and Ca2*
according to Rasmussen et al. (2014), and ELSA dust probability according to Seelos et al. (2009). Greenland Interstadials (GIs 8 to 2.1)
are numbered in red and Greenland Stadials (GSs) in black, and Heinrich Stadials (HS4 to HS2) according to Reutenauer et al. (2015) are
highlighted in light blue. Originally given as ages in years before 2000, the chronological scale has been shifted by 50 years to allow for direct
comparisons with the calibrated radiocarbon scale given in calibrated years before CE 1950 (cal BP). Chronostratigraphy and sedimentation
rates from Schwalbenberg are based on Bayesian age—depth modelling of the radiocarbon dated sequence using IntCal20 (cf. Prud’homme
et al., 2022). U ratio, finest clay, frequency dependence of magnetic susceptibility MS¢q (A x (fd)), log Ti/Al, and log SR/Rb are based on
a continuous 2 cm sampling interval. 87Sr/ 86Sr and &Nd are based on 35 samples along the profile (see Fig. 4). Mean annual precipitation
estimates are based on the §!13C values of ECGs (Prud’homme et al., 2022). SUs and SSUs according to Fischer et al. (2021). All data are
given in Tables ST1 and ST2 in the Supplement.
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These trends are likely to be related to a provenance
change (see Sect. 5.2) that was contemporary with a strong
decrease in reconstructed precipitation values.

During the following GS 5.2 a significant shift occurred.
This was characterized by increased input of fine magnetic
particles in accordance with a distinct increase in log Ti/Al
and enhanced wind dynamics as indicated by the U ratio.
In combination with the observed isotopic signals, this indi-
cates severe changes in palaeoenvironmental conditions (see
Sect. 5.3).

Above the unconformity, which we constrain to a hiatus of
up to 6.5 kyr (between 30 800 and 24 300 cal BP), completely
different characteristics are observed in both the stratigraphic
record and the proxy data. We interpret the maxima in the
U ratio, MS, and MS¢q as well as in log Ti/Al in SU 13
as the result of sediment relocation and recycling involv-
ing re-deposition of the Eltville tephra. The latter contains
detrital volcanogenic magnetic Ti—Fe oxides which show
frequently an oxidized rim of maghemite resulting from
low-temperature oxidation upon incorporation into sediment.
This oxidation process leads to particle-internal fining caus-
ing increasing superparamagnetic behaviour similar to pedo-
genic neo-formation. Here, it is limited to the maghemized
shell consisting of ultrafine domains in the superparamag-
netic single-domain (SD) range and therefore significantly
increases the MS (e.g. Liu et al., 2012; Zhang et al., 2021).
The highest sedimentation rates are in accordance with input
of coarser material as indicated by the highest U ratio values.
ELSA dust probability is also indicating increased dustiness,
which is — for this time interval — not observed in NGRIP
Ca’*. The finest clay at RP1 is slightly increased where the
U ratio forms a minimum related to the weakly developed
Gelic Gleysols. After the distinct maximum, the MS¢q shows
a continuous decrease. While log Sr/Rb and 87Sr/80Sr show
almost no variations, log Ti/Al is increasing contemporar-
ily with fluctuating ¢éNd during GS 2, for which the lowest
precipitation value is reconstructed. Overall, the stratigraphy
and related proxy data and the comparison to NGRIP indi-
cate that above the unconformity the dominance of local to
regional effects caused the major changes.

5.2 Isotope geochemistry and AMS-derived
near-surface wind trends: identification of dust
source—sink relationships?

Potential shifts in dust provenance from the OIS 3 to OIS 2
transition have been reported based on bulk geochemistry
and luminescence sensitivity for different Schwalbenberg
LPSs (Klasen et al., 2015; Profe et al., 2016; Fitzsimmons
et al.,, 2021; Vinnepand et al., 2022). These studies indi-
cate that sediment recycling within local source areas as well
as changes in wind direction may have caused the different
signals. Here, we add information on isotopic composition
and AMS-derived near-surface wind trends for Schwalben-
berg RP1. We compare Sr and Nd isotope data from differ-
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ent potential dust source areas in western Europe (Fig. 7a).
As stated before (see Sects. 4.1, 5.1), the variations in eNd
are restricted to a narrow range, and significant shifts in
87Sr/86Sr in the lower section of the sequence may be related
to enhanced in situ weathering. Against this background,
caution is required in interpreting the presented data, but,
nevertheless, our combination of proxies allows for some
substantial contributions to the discussion of dust source-
to-sink relationships. This is especially true as data on dust
provenance based on precisely dated LPSs are still rather
scarce, with Schwalbenberg RP1 representing one of the best
dated LPSs of the wider region (Prud’homme et al., 2022).

Overall, the relatively coarse character of the silt and the
regional geographic setting of the Schwalbenberg at the con-
fluence of the rivers Ahr and Rhine in the centre of the
Rhenish Massif (Fig. 1) suggest dominating local to regional
dust components in most parts of the RP1 profile. Figure 7
shows that the Schwalbenberg Sr and Nd isotope data gener-
ally plot along a gradient between the recent suspended sedi-
ment load of the Upper Rhine (Tricca et al., 1999) and Devo-
nian slates from the Rhenish Massif (Moragues-Quiroga et
al., 2017). Hence, both the Rhine catchment and the Rhen-
ish Massif can be assumed as potential silt source areas. In
addition, both mixing hyperbolas between Eifel volcanites
and the Devonian slates and the Siebengebirge and Wester-
wald volcanites and the Devonian slates indicate a certain
amount of these volcanites to the Schwalbenberg LPSs. This
might also be reflected in the relatively high Nd concentra-
tions at Schwalbenberg (mean: 68.48 ppm; n = 30) in com-
parison to the Rhine suspended sediment load (11.1 ppm;
Tricca et al., 1999), the Devonian slates of the Rhenish
Massif (mean: 44.39 ppm; n = 5; Moragues-Quiroga et al.,
2017), and regional Pleistocene periglacial slope deposits
(mean = 44.64 ppm; n = 3; Moragues-Quiroga et al., 2017).
As reference, leucite basalt and phonolite andesites typi-
cally have high Nd concentrations around 81 ppm (Faure and
Mensing, 2005).

In contrast to Schwalbenberg, the LPS key sections of
Nussloch (Figs. 1, 7), located approx. 200 km south-south-
east on the eastern bank of the Upper Rhine, appear to be
dominated by dust input from the alluvial plain of the Rhine
River and other local sources (Schatz et al., 2015).

For other LPSs like Kesselt and Rocourt, both situated in
Belgium at the north-western edge of the Rhenish Massif
(Fig. 1), Sr and Nd isotope values of sediments that were de-
posited within the LGM (Gallet et al., 1998) indicate an im-
portant role of the Rhenish Massif as an additional local dust
source besides the Rhine system. Similar findings were also
reported for OIS 2 loess within the southern part of the Lower
Rhine Embayment and the north-western edge of the Rhen-
ish Massif (northern edge of the Eifel area) by Janus (1988).
In that study a systematic increase in heavy minerals indica-
tive of short-distance transport from the Eifel and Rhenish
Massif sediment source towards LPSs located north-west of
Schwalbenberg was observed, next to heavy minerals indica-
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Figure 7. (a) eéNd and 87Sr/30Sr of reference samples from different sites in western central Europe in comparison to Schwalbenberg RP1.
Mixing hyperbolas indicate the possible mixing of two endmembers (in percentage) considering their Sr and Nd element concentrations and
their respective isotope values (cf. Faure and Mensing, 2005; all data are presented in Table ST3 in the Supplement) and were calculated for
mixtures between different endmembers (Devonian slate saprolite of the Rhenish Massif as continental crust endmember (grey; Moragues-
Quiroga et al., 2017), Rhine suspended sediment load (blue; Tricca et al., 1999), Odenwald granitoids (light grey; Siebel et al., 2012),
Siebengebirge and Westerwald volcanites (black; Schubert et al., 2015), Laacher See tephra and Eifel volcanites (red, as mantle-representing
endmember; Worner et al., 1985; note that Forster et al. (2020) showed that the Eltville tephra found at Schwalbenberg originated from
an earlier eruption of the Laacher See volcano at 24.3 ka), northern France (Gallet et al., 1998), and Pleistocene periglacial slope deposits
(PPSDs) in the Rhenish Massif (Moragues-Quiroga et al., 2017)). Our plot suggests that the Schwalbenberg LPSs are dominated by sediments
from the Rhine valley as also described for Nussloch (Schatz et al., 2015). Compared to the latter, the isotope composition of the Kesselt
and Rocourt LPSs (Gallet et al., 1998) (see Fig. 1) and the Schwalbenberg LPSs indicate a higher amount of dust originating from Devonian
slates of the Rhenish Massif and/or PPSDs overlying the Devonian rocks. In addition, mantle-derived material from the Eifel and from the
Siebengebirge and Westerwald potentially contributes to the dust deposited at Schwalbenberg. Odenwald granitoids may reflect a contribution
via small Rhine tributaries. (b) Detail of plot (a) (see inset): the grey numbers refer to SUs, and the grey ellipses highlight that the samples
above SU 7 up to SU 11 may reflect an enhanced contribution of sediments from the Rhine towards the end of OIS 3. In contrast, SUs below
SU 7 down to SU 5, correlating to matured Calcaric Cambisols from the basal soil complex of the RP1 profile, plot offsite towards more
radiogenic Sr isotope values, indicating enhanced weathering. Symbology: loess (+), reworked loess (), Gelic Gleysols (W), and Calcaric
Cambisols (e).

tive of Rhine terraces and small Eifel riverbeds dissecting the
Rhine terraces as the main source areas.

iment load from the southernmost part of the Upper Rhine
River (south of the Kaiserstuhl; see Fig. 1) mainly reflect

Although the data shown in Fig. 7 indicate general differ-
ences in dust provenance, we have to keep in mind that (i) the
variations in Schwalbenberg RP1 Sr isotope composition are
certainly also influenced by in situ pedogenesis (see Fig. 7b,
especially within SUs 5 and 6 where the strongest weathering
is observed); (ii) the reference data for the suspended sed-
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material originating from Miocene marine sediments of the
Alpine Molasse (Buhl et al., 1991), thus not including im-
portant Rhine tributaries located further north (e.g. the rivers
Main, Nahe, Lahn, and Mosel); (iii) also non-alpine prove-
nance spectra contribute considerably to the Pleistocene and
recent sediment budged of the Upper Rhine (Preusser et al.,
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2021; Hiilscher et al., 2018); and (iv) sediments from the
Rhine catchment most likely experienced several cycles of
grain size reduction, sorting, and mixing within the allu-
vial plain and fluvial transport prior to its deposition at the
Schwalbenberg LPSs. Such processes occurring in the allu-
vial plains of river systems have recently been discussed by
Potter et al. (2021) for LPSs from the Lower Danube and by
Baykal et al. (2022) for LPSs from the northern fringe of the
European loess belt in the context of dust provenance.

Despite the given limitations a clear change in isotope
composition after GI 7 (top of SU 6 and SU 7) and after GI
6 (SU 8) up to GS 5.2 (top SU 11) is indicated by slightly
increasing eéNd and decreasing 37 Sr/30Sr values, pointing to
enhanced input of dust being more comparable to the Rhine
suspended load (see Fig. 7b). This trend is accompanied by
a reduction of fine magnetic particles (decreasing MSgq), re-
duced weathering (increasing log Sr/Rb), and gustier winds
indicated by a dominance of wind vigour (inverse behaviour
of MS and MS¢y) and high U ratio values (see Sect. 5.1).

Throughout the upper section of RP1 both isotope ratios
do not show typical inverse trends (Fig. 6). This may be
due to sediment sorting and reworking as observed within
the RP1 upper section, which may have biased the Sr iso-
tope composition. Nevertheless, slightly varying eNd values
in combination with significant variations in log Ti/Al might
reflect increased dust input from local to regional sources of
the Rhenish Massif. In combination with the AMS-based re-
construction of SSW-NNE near-surface wind trends (Figs. 4,
8), we assume that the alluvial plains of the rivers Rhine and
Ahr most likely are the dominating local sediment sources
for the investigated part of the Schwalbenberg LPS.

Based on our AMS data, however, we cannot decide
whether the near-surface winds came from SSW or NNE,
but wind regime statistics for the Schwalbenberg site in
the valley setting indicate an overall dominance of westerly
and south-westerly winds during the LGM and recent times
(Prud’homme et al., 2022).

In addition to these large alluvial sources, exposed fine-
grained rocks (e.g. in the incised upper Ahr valley), allu-
vial plains of small creeks, abandoned river terraces, and
widespread Pleistocene periglacial slope deposits (PPSDs)
may also have played an important role in silt production.
Furthermore, recycling of loess deposits may have con-
tributed an additional dust component into the LPS (cf.
Mroczek, 2013).

Overall, the obtained data on dust provenance and near-
surface wind trends point to dominating local dust sources
that were associated with gustier winds with predominant
SSW-NNE wind directions in stadial phases, while intersta-
dials may have been characterized by a significant dust com-
ponent from more distant sources. In this context, we found
a significant negative relationship between the AMS folia-
tion (F) and the U ratio in SUs 5, 7, and 8 (see Fig. S4),
whereof SU 5 correlates to GI 7 and SU 8 to GI 6 (Fig. 6).
This may indicate that fine to medium silt particles establish
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Figure 8. DEM-based map (SRTM 30; USGS 2022) showing re-
constructed near-surface wind trends for the Schwalbenberg site
and possible short distance entrainment areas for mineral dust. The
SSW-NNE wind trend estimates are only based on AMS measure-
ments of loess samples (beige rose diagram), which passed the as-
sessment protocol for primary magnetic fabric (see Fig. 4) that is
described in Sects. 3.3 and S1. For AMS stereoplots and rose dia-
grams please see Fig. 5.

the AMS signal within these interstadials, possibly owing to
the continuous accumulation of dust during soil formation re-
sulting in accretionary palaeosols (Fischer et al., 2021; Vin-
nepand et al., 2022). To our knowledge, such a clear corre-
lation between finer grain sizes and increasing foliation has
been so far not described in any LPS on stadial-interstadial
scales (cf. Bradak et al., 2021). However, Zhang et al. (2010)
proposed a model in which more frequent summer precipi-
tation during relative mild climatic periods (interglacials and
interstadials) led to an improved settling of anisotropic grains
(e.g. micas and clay minerals), causing the overall increased
AMS foliation. In contrast, most loess units throughout RP1
and weakly developed Gelic Gleysols in the upper section
(SUs 15, 17, 20) show a positive linear relationship between
F and the U ratio, indicating that coarse silt particles play a
major role for the AMS signal in these units that were related
to gustier winds and input of short-travelled dust.

5.3 Palaeoenvironmental and palaeoclimatic
implications

Millennial- to centennial-scale synchronicity between the
Schwalbenberg LPSs and the NGRIP §'30 record was pro-
posed based on litho- and pedostratigraphic evidence com-
bined with organic carbon contents (Fischer et al., 2021),
further attested by radiocarbon dating and a quantitative
climate reconstruction based on the investigation of ECGs
(Prud’homme et al., 2022). Here we observe very largely
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synchronous patterns between NGRIP §'30 and Ca®* and
the Schwalbenberg sedimentological proxies (U ratio, finest
clay), further supporting the close synchronicity of west-
ern European and North Atlantic climate changes. In ad-
dition, we present proxy data allowing for further charac-
terization of the dust deposited within the Schwalbenberg
LPSs and comprehensive palaeoenvironmental reconstruc-
tions based on magnetic fabric, environmental magnetism,
bulk geochemistry, and isotope composition.

The lower section of the Schwalbenberg RP1 profile cov-
ers in high resolution the period from the end of GS 9 (con-
temporary with Heinrich Stadial 4) to the end of GS 5.2
(Fig. 6). In the wider region this period is characterized
by a distinct opening of the landscape as suggested by a
landscape evolution model of the Eifel area that is based
on multi-method approaches applied to ELSA (Sirocko et
al., 2016). This model documents the transition from boreal
forested environments (landscape evolution zone (LEZ) 7,
onset ~ 49 years b2k) to steppe-like open environments (LEZ
6, ~36.4-28.45 years b2k), which is interpreted as the envi-
ronmental reaction due to a longer cooling trend accompa-
nied by increased aridity in the Rhenish Massif at roughly
the time of the OIS 3 to OIS 2 transition. At Schwalben-
berg this cooling trend is, on the one hand, reflected in de-
creasing intensities of soil formation from the lower soil
complex (SUs 2-6, covering GI 8 and 7) towards the Cal-
caric Cambisol correlated to GI 6 (SU 8) and the Gelic
Gleysol correlated to GI 5 (SU 11) (cf. Vinnepand et al.,
2020; Fischer et al., 2021). On the other hand, overall in-
creasing U ratio values and the reduction of fine magnetic
particles as indicated by decreasing MS¢q values point to-
wards an enhancement of wind activity and increasing dry-
ness simultaneously with reduced sediment recycling until
mid-GS 5.2 at ~ 31 500 cal BP. The latter is also supported by
reduced weathering intensity following GI 7, as evidenced in
a slightly increasing log Sr/Rb ratio accompanied by a dis-
tinct decrease in 87Sr/%0Sr and an increase in eNd. This can
be interpreted in terms of an enhanced input of dust that car-
ries an isotope signal comparable to that of the Rhine’s sus-
pended load (Fig. 7b). This trend coincides with distinct arid-
ification, climate cooling, and grain coarsening observed in
some LPSs along the Rhine during late OIS 3 (Prud’homme
et al., 2018; Vinnepand et al., 2020) and might be related
to intensified periglacial conditions in the local silt sources
and enhanced glacial grinding activity and sediment avail-
ability in front of the advancing Alpine ice sheet and the
Rhine Glacier in particular (Ivy-Ochs et al., 2008).

For the interstadial periods we are able to reconstruct re-
duced but still pronounced dust deposition at the Schwalben-
berg LPSs (Fischer et al., 2021; Prud’homme et al., 2022).
Vegetation cover and moister conditions as suggested by
Prud’homme et al. (2022) especially for GIs 8—6 for Schwal-
benberg favour (reduced) dust deposition rather than its en-
trainment (see Ijjvéri et al., 2016). In addition, intensified
syn-sedimentary soil formation in interstadials, especially

E&G Quaternary Sci. J., 72, 163—184, 2023

M. Vinnepand et al.: Dust sinks and environmental dynamics

during GI 8 and GI 7, leads to the production of clay minerals
in the course of silicate weathering, hampering the entrain-
ment of particles due to strong cohesion and adhesion forces
(cf. ijVéri et al., 2016). As discussed before, we observed
an inverse correlation of the U ratio and the AMS foliation
but a positive correlation of the finest clay and the foliation
within the Calcaric Cambisols of the lower section of RP1
(see Sect. S1). This could point, beside secondary grain size
reduction in the course of pedogenesis, to an input of finer-
grained (potentially long-distant) aeolian material during in-
terstadials, which might be also visible in described shifts in
eNd (see Sect. 5.2).

At Schwalbenberg we observe a further distinct shift
around 31 500 cal BP associated with increased wind activity
and in particular significantly enhanced sediment recycling
reflected by a distinct shift in MSgg and a potential prove-
nance shift indicated by log Ti/Al (Fig. 6). On a regional
scale, the same period is characterized by increased flood
activity in the Eifel area (Sirocko et al., 2016) possibly re-
lated to enhanced seasonal landscape instability caused by
a reduced vegetation cover and associated sediment reloca-
tion. On a supra-regional scale, the advancing Fennoscandian
(FIS) and British-Irish ice sheets (BILS) correlating with the
onset of the LGM (Lambeck et al., 2014), with some moder-
ate ice marginal retreats during HS3 (Toucanne et al., 2015),
and the further advancing Rhine Glacier (Ivy-Ochs et al.,
2008) played an important role in dust production and circu-
lation patterns in western, central, and eastern Europe (Schaf-
fernicht et al., 2020). Simultaneously, a significant increase
in the sedimentation rate occurred at Nussloch (Prud’homme
et al., 2022), whereas in northern France the first genuine
loess unit originates only from the following stadial GS 5.1
(Antoine et al., 2014). Associated with overall cooler and
drier conditions over western and central Europe during the
LGM, evidence is provided for cyclones that were capable of
triggering enhanced dustiness related to higher wind speeds
(Pinto and Ludwig, 2020). This is in agreement with the as-
sumption of strong NW winds especially between 34 and
17 ka, resulting in local input of coarse aeolian material, high
sedimentation rates, and the SE-trending “greda” morphol-
ogy at Nussloch (Antoine et al., 2009).

At Schwalbenberg RP1, however, on top of the distinct un-
conformity that is related to local channel formation and sed-
iment relocation, which may have reworked and included the
Eltville tephra (Fischer et al., 2021), different proxies pin-
point environmental conditions that were significantly differ-
ent from the preceding ones that were most likely dominated
by local to regional signals.

Sediment relocation reflected within SU 13 was followed
by reduced wind activity, input of finer-grained sediments,
and reduced sedimentation rates until ~ 22900 cal BP,
roughly coinciding with the later part of LEZ 5 in the Eifel
area that represents the transition from steppe to tundra-like
environments (Sirocko et al., 2016).
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After 22900 cal BP, the sedimentation rate and U ratio
reach the highest values throughout the entire RP1 profile,
indicating increased dustiness but also potential sediment re-
working processes. Enhanced dustiness is, however, also re-
flected in the REM 3 LPS (cf. Fischer et al., 2021; Fig. 3)
and the ELSA dust probability (Fig. 6) associated with the
development of the polar desert of LEZ 4 in the Eifel area
(Sirocko et al., 2016) but is decoupled from NGRIP Ca?™,
which shows a clear minimum after 23 300 BP.

Further evidence for local to regional dust transport is pro-
vided by heavy mineral analyses of the Dehner Maar, where
increased dust activity and a shift from predominantly west-
erly to strong easterly winds is reported for the period from
23 until 20 ka (Romer et al., 2016). In this context, the AMS-
based reconstruction of near-surface wind trends at Schwal-
benberg RP1 may point to periods with significant north-
easterly winds during overall dominating western wind di-
rections (Prud’homme et al., 2022). This would be in agree-
ment with dust-cycle simulations for the LGM, showing that
beside westerlies and embedded cyclones persistent easter-
lies associated with anticyclonic flow may have also played
a significant role for dust deposition. These would have re-
sulted in westward-running dust plumes and associated high
dust accumulation rates in the North German plain including
adjacent regions (Pinto and Ludwig, 2020; Schaffernicht et
al., 2020).

6 Conclusions

We present an integrative approach that systematically com-
bines physical and geochemical proxies, enabling a synthetic
interpretation of LPS formation in western central Europe.
We focus on the Schwalbenberg RP1 LPS that is exposed
north-west of the confluence of the Ahr and Rhine rivers in
the centre of the Rhenish Massif. We integrate our data into a
robust and reliable age model that has been established based
on high-resolution dating of ECGs. We show that Schwal-
benberg RP1 is subdivided into a lower section and an upper
section that are separated by a major stratigraphic unconfor-
mity. Whereas the lower section corresponds to late OIS 3
(~39200-30 800 cal BP; end of GS 9 until GS 5.2), the up-
per section dates into the LGM (~ 24 300-21 900 cal BP; end
of GS 3 until GS 2.1).

In general, we could confirm the assumption of syn-
sedimentary soil formation during interstadials, give evi-
dence for provenance changes with overall dominating local
to regional dust sources, and confirm the close temporal link-
ages to other climate archives in the North Atlantic region,
which we have highlighted in earlier studies.

Based on our synthetic approach we can draw the follow-
ing, more specific conclusions:

— In combination with the established age model, the sed-
imentological proxies of the lower section at Schwal-
benberg RP1 attest to — to a certain degree — simi-
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lar and largely synchronous patterns of northern hemi-
spheric climatic changes as evidenced in NGRIP §'30
and Ca”*t, supporting the overall synchronicity of cli-
matic changes in and around the North Atlantic region.

— Assignificant negative relationship between the AMS fo-
liation and the U ratio found in interstadial palaeosols
and intercalated stadial loess layers, respectively, may
indicate that fine to medium silt particles increase the
foliation. This could possibly reflect the continuous ac-
cumulation of fine dust during soil formation and the si-
multaneous increase in precipitation, causing improved
alignment of sediment grains into the bedding plain. To
our knowledge, such a clear correlation between finer
grain size and increasing foliation has so far not been
described for any LPS for stadial-interstadial cycles,
i.e. on millennial to centennial timescales.

— A distinct shift towards increased input of “Rhine dust”
and reduced weathering intensity occurs simultaneously
with an overall cooling and aridification trend in Europe
towards the end of OIS 3.

— A further distinct shift visible in all proxy data around
31500 cal BP, interpreted in terms of enhanced wind ac-
tivity with significant input of coarse-grained material
recycled from local sources, is possibly related to in-
creased landscape instability when tundra-like condi-
tions — probably associated with deep seasonal or even
permafrost — developed towards the LGM.

— The proxies within the upper section pinpoint environ-
mental conditions that were significantly different from
those in the lower section, which were most likely dom-
inated by more local to regional signals and high sedi-
mentation rates.

— AMS-based reconstructions of near-surface wind trends
may indicate the influence of north-easterly winds be-
side the overall dominance of westerlies and embedded
cyclones, causing high dust accumulation rates.

Overall, by integrating our approach in the study of LPSs
over a broader geographic area, we see the opportunity for
a more comprehensive understanding of LPS formation in-
cluding changes in dust composition and associated circula-
tion patterns during Quaternary climate changes.
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