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Summary

Loess-palaeosol sections (LPSs) represent ideal archives for gaining knowledge of past
climatic conditions and changes, as their intermediate loess deposits and buried palaeosols
reflect climate conditions of their specific locations. Detailed knowledge of past climatic
changes is also beneficial for accurate modelling and forecasting since such past changes
must have already shown similar trends. Although climate reconstructions from LPS from the
last decades have improved our understanding concerning the cross-regional Pleistocene
climate changes, there are wide knowledge gaps regarding reconstructions linking the central
temperate and Mediterranean Europe. According to climate projections, the region between
the Mediterranean and the temperate climate zone of central Europe is most vulnerable in
Europe, as a northern expansion of Mediterranean conditions (e.g. higher temperatures, more
arid months) is expected. Within this context, the climate reconstruction of the expansion of
the Last Interglacial (Eemian) conditions is especially relevant, as this area is assumed to be
several degrees warmer than current climate, a condition that is also expected for the future

climate within the European vulnerable climatic transition zone.

The LPSs of the Rhdne Rift Valley in southeast (SE) France were chosen for this investigate
as the recent climate transition zone is located in the centre of this valley (Valence, ~45° N).
Thus, the LPS present important tie-points between the central European and the
Mediterranean LPS region. Previous investigations on the LPS in the Rhbne Rift Valley were
mainly based on observations, and provided only limited insights into the lithological properties
of the loess deposits, the intercalated palaeosols and the resulting pedostratigraphy. This
limitation also applied to the understanding of the changing degree of weathering and
interpretations of the palaeosols with respect to their relative palaeoenvironments. In particular,
numerical ages of the loess deposition and soil formation phases were scarce. We aimed in
this thesis to fill these gaps by reconstructing the Last Interglacial-Glacial landscape evolution
changes along the climate-sensitive transition zone from LPS of the Rhéne Rift Valley. The
results were linked with known European LPS in order to (i) verify our findings with LPS of
similar conditions (e.g. climate conditions, valley position) and (ii) to identify where possible
climatic boundaries were located during the Late Pleistocene, and how these boundaries may
have fluctuated over time. We focused thereby on identifying possible stratigraphic marker

horizons/complexes in the LPS, and establishing a reliable chronostratigraphy.

In several field campaigns, two main LPS, i.e. Baix LPS (in the climate transition zone) and
Collias LPS (in the Mediterranean zone) and several aside profiles, have been investigated
with multiple state-of-the-art-methods to establish reliable chronostratigraphies. The two LPS

displayed several loess and weakly to strongly developed palaeosol horizons. Based on the
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field observations and the laboratory analyses, both main LPS were subdivided in up to four
pedo-stratigraphic units, interlaced by two main loess units, respectively and formation and

deposition times of soils and sediments were correlated with various OSL ages.

Both LPSs begin from bottom to top with an Last Interglacial/Early Glacial soil-complex (MIS
5) represent by a mainly truncated Luvisol formation (Baix LPS: Stagnic Luvisol; Collias LPS:
Chromic Luvisol + several Bw horizons), also well-know from other European LPSs (e.g.
Rocourt complex). However, in contrast to European LPSs no humic-rich layer for late MIS 5
were observed in Rhéne Rift Valley LPS. The following loess unit of the Lower Pleniglacial
(MIS 4) comprises of least weathered silty and sandy loess (partly olive-ish at Collias LPS) and
loess-like sediment horizons. At Baix LPS also a brown MIS 4 /MIS 3 Bw horizon was identified
(lower interstadial soil), which may correlate with known palaeosol relicts of the Cambisol or
Regosol-Cambisol types (e.g. Graselberger Soil, Jackerath Soil, Reisberg Soil) from central
Europe LPSs. The overlain pedo-unit, at both sites, is represented by a truncated Cambisol-
complex (upper interstadial soil) with prominent in situ carbonate nodules and a striking former
biopores system (mainly at Collias LPS). The soil remain is assumed to represents a pedo-
complex spanning from (Gl 15.1 or) Gl 14 to Gl 9 and correlates well with brown soil horizons
(e.g. Remagen Soils, Graselberg Soils) of European LPSs. Thus, the striking Cambisol soil-
complex may be regarded as a stratigraphic marker horizon within the Rhéne Rift Valley and
serve as a Middle Pleniglacial-unit for supra-regional correlation of central European and
Mediterranean LPS. In contrast to central European LPSs with further Cambisol formation (e.g.
Lohne Soil complex, Sinzig Soils) for the milder climate periods Gl 8 to Gl 4 (ca 38-29 ka)
during upper MIS 3, at Baix and Collias LPSs no significant soil formation could be detected
or may not exist. Thus, times favourable of soil formation (and soil conservation) appear to
alternate between the Mediterranean (early MIS 3 prior to Heinrich 4 event) and the central
European loess landscapes (later MIS 3, after the Heinrich 4 event). The deposits of the
following Upper Pleniglacial (MIS 2) are represented at both LPSs mainly by silt and sand sized
loess with varying intensity of weathering. Also no further (weak) soil formation, e.g. tundra
gley soils, especially redoximorphic features related to freeze-thaw dynamics, was observed,
thus agree with assumed less severe climate conditions during loess accumulations at both
LPS sites compared to central Europe. The Holocene soil formation displays similar to
European LPSs a Cambisol formation, although the conditions for a Luvisol formation along
the entire climatic transect is given, but the difference in terms of disturbance and duration of

time period have to be respected.

Based on our findings we could show that the main (pedo) -stratigraphies of Collias and Baix
LPSs generally agree with the central and western European LPSs (e.g. MIS 5, MIS 3 pedo-

stratigraphic marker horizons). However, the syn-sedimentary, intensively reworked and
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bioturbated character of the Rhéne Rift Valley loess deposits as well as their partly polygenetic
soils and soil-complexes reflect clearly a gradient of decreasing magnitude of Late Pleistocene

climate changes from central Europe to southern Europe.

Furthermore, no clear northern expansion of Mediterranean conditions based solely on soll
characteristics during the Last Interglacial could be unambiguous verified. However, other
archives do support a northern expansion of Mediterranean conditions in the northern Rhéne
Rift Valley and we can concluded that the climate conditions in the central and southern Rhéne
Rift Valley seemed to be significantly more humid than today. The comparison of the Last
Interglacial and the recent soil formation to determine similarities and differences of the climate
conditions within the Rhéne Rift Valley is challenging due to various factors (e.g. different
insolation, geomorphological position, intense anthropogenic use). As our results are
inconclusive concerning the Last Interglacial climate conditions within the recent climatic
transition zone, statements how these boundaries within the Rhbne Rift Valley respond to
future climate changes have to be carefully made and thus, more research to conclusively
verify the intensity of rubefication under similar conditions, regionally and within the climate

transect is needed.






Chapter 1: Introduction

1.1 Context

In Europe, loess-palaeosol sections (LPSs) have been widely used for reconstructing
Pleistocene (Quaternary) environments (Antoine et al. 1999, 2001, 2009a, 2016, 2021;
Frechen et al. 2001, 2007; Haesaerts et al. 2016; Lehmkuhl! et al. 2016; Schirmer, 2016;
Rousseau et al. 2018, Fischer et al. 2019, 2021). Loess deposits are generally attributed to
cold conditions of stadial phases, involving processes like the formation and aeolian
transportation of silt-sized particles, their deposition and syn- and post-sedimentary weathering
(Pécsi and Richter, 1996; Kehl, 2010). The formation of palaeosols is attributed to warm and
(temporarily) moist conditions of the interglacials and interstadial phases. Thus, LPS are the
result of alternating dry/cold and warm/moist conditions, reflecting their palaeoenvironments
and therefore provide valuable insights into the dynamics of the Pleistocene climate changes.
Furthermore, the loess source and sink areas, as well as the local topography of the loess
deposition regions are influencing factors, which established broad variations of LPS
throughout Europe (Lehmkuhl et al. 2021).

In the last decades, supra-regional palaeoenvironmental reconstructions from western to
eastern Europe (Zoller, 2010; Terhorst et al. 2015; Lehmkuhl et al. 2016; Rousseau et al.
2018), as well as in the Mediterranean region (Wacha et al. 2011a, 2011b, 2018; Boixadera et
al. 2015; Costantini et al. 2018, Wolf et al. 2018, 2019) have gained attention to fill the
knowledge gaps, especially regarding the climates of the Late Pleistocene period. However,
overarching climate reconstructions linking central and southern Europe are lacking, although
the knowledge of this cross-regional Pleistocene climate evolution is crucial for the
understanding of climate drivers and feedback mechanisms. Especially as this transition zone
between the temperate mid-latitude and the northern Mediterranean zone is expected to
respond most sensitively to climate changes in the future (Giorgi, 2006). Climate models
predict northward shifts of the atmospheric circulation zones for the end of the 215 century,
accompanied by higher temperatures especially during the summer, and lower humidity for the
northern Mediterranean summer, thus an increased frequency and length of dry periods (Giorgi
and Lionello, 2008; Alessandri et al. 2014; Lionello and Scarascia, 2018; Sgubin et al. 2018;
Lee et al. 2021) (Fig. 1.1). The possible effects on the hydrology, ecosystems, agriculture, and
other human livelihoods needs a detailed picture of the future changes in this climate zone.
This suggest that by reconstructing the environmental changes along the climatic transect from
the mid-latitude temperate to the northern Mediterranean, we can provide deeper insights into
the processes and mechanisms that can be used to predict such similar conditions in the
coming future for the region. Especially, reconstructing the Last Interglacial (Eemian)
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palaeoenvironmental conditions along these climatic transect has a particular relevance as it
is assumed that the Eemian was several degrees warmer compared to today (e.g. Kukla et al.
2002; North-GRIP Members, 2004; Brewer et al. 2008), which is relevant in view of current
global warming effects (Fig. 1.1). Thus, the corresponding palaeoenvironmental boundaries
may serve as estimates for the environments and boundaries that might be established by the
end of the century in response to the currently ongoing climate change. Although, a climatic
synopsis between the Eemian and the Anthropocene should be regarded within reservation
(e.g. different insolation pattern in the northern latitudes (e.g. Brewer et al. 2008; Pedersen et
al. 2017)).

The Rhdne Rift Valley in SE France with its north-south course (46° N to 43° N) is located
exactly in the transition area between temperate and Mediterranean climatic zone, and thus
represents the optimal area to study the shift of climatic boundaries. The recent climate
boundary is approximately located around Valence ~44.56° N (Leliévre et al. 2010) (Fig. 1.1).
Another advantage for choosing the Rhone Rift Valley as research area is, that the valley
represents the southern part of the European Cenozoic Rift System (ECRIS), whereas the
Bresse Graben and the Lower and Upper Rhine Graben outline parts of the northern extension
of the ECRIS shown in Fig. 1.2. The northern parts of the ECRIS are drained by the Rhine
River, flowing to the North Sea, whereas the southern ECRIS is drained by the Rhone River
into the Mediterranean Sea. Originating in the Alps, the Rhine and Rhone Rivers formed
braided river systems during glacial periods, fed by summer meltwaters. Their wide and
periodically dry riverbeds served as sources of dust, which was blown out and accumulated in
thick loess deposits at various sites along the margins of the rift system (Haase et al. 2007).
As a result, they provide several exceptionally detailed and well-investigated LPSs in the
northern, e.g. Garzweiler, Rheindahlen, Schwalbenberg I-1l (Schirmer, 2000, 2002, 2012,
2016) and central parts of the rift system, e.g. Riegel, Heitersheim, Bahlingen,
Nussloch/Schatthausen (Guenther, 1961, 1987; Bronger, 1966; Khodary-Eissa, 1968; Bronger
and Hadrich, 1969; Hadrich, 1985; Zoller et al. 1988; Hadrich and Stahr, 1992, Antoine et al.
2001, 2009a; Bibus et al. 2007; Frechen et al. 2007; Zech et al. 2012; Kadereit et al. 2013;
Moine et al. 2017, Schulze et al. 2022) for comparison along the ECRIS.

In contrast to the northern ECRIS, only a limited number of studies have been carried out on
LPSs in the southern ECRIS (e.g. Aubagne, Quincieux, Lautagne, Collias (Magnin, 1993,
2014; Franc et al. 2017; Bosq et al. 2018, 2020a, 2020b)), so far. One possible reason for the
lack of studies is, that most of these LPSs are highly disturbed due to geomorphic activities
and/or bioturbation, which hampers the possibility to connect reconstructed

palaeoenvironmental conditions to specific periods.
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Figure 1.1: Upper part: mean annual temperature of France of the year 2000 and for the year 2050 (red
square outlines the Rhéne Rift Valley) (source: Datar, 2022). Lower part, left: recent temperate and
Mediterranean climate zone and their climatic transition zone of the above outlined Rhdne Rift Valley
with mean annual temperature (MAT), mean annual precipitation (MAP) and mean annual potential
Evapotranspiration (ETp) of the cities Lyon, Valence and Arles. Right: Possible shifted climate zones
during the Last Interglacial (Eemian) period and potential future boundaries of climate zones (sources:
Meteo-France, 2022a, 2022b, 2022c, 2022d).

Furthermore, as a result of high geomorphic activities, most of the LPSs of the southern ECRIS
mentioned above do not comprise sediments and palaeosols from the whole Last Interglacial-
Glacial cycle, which aggravates especially a synopsis of the Last Interglacial conditions in this
area. Thus, a comparison of the Rhoéne Rift Valley—LPSs with other LPSs providing
comparable conditions, e.g. valley position, climatic conditions and periods, will be helpful.
Using well-known LPSs from eastern Spain (Brosche and Walther, 1977; Glnster, 1999;
Gunster et al. 2001 Boixadera et al. 2015) to northern Italy (Cremaschi, 1990a, Ferraro, 2009,
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2014; Zerboni et al. 2015, Costantini et al. 2018) and western Croatia (Cremaschi, 1990b;
Durn, 2003, Durn et al. 2018a, 2018b; Mikul¢i¢ Pavlakovi¢ et al. 2011; Wacha et al. 2011a,
2011b, 2018; Zhang et al. 2018) as tie-points, would help to identify similarities and differences
within the interglacial, interstadial and stadial periods. After the comparison with LPSs with
similar conditions, the connection with LPSs of the north-directed ECRIS presents ideal
conditions to evaluate past shifts of the climatic transitions zone between the Mediterranean

and the mid-temperate central Europe.

1.2 Aim, objectives and hypotheses

The thesis was aimed to reconstruct Late Pleistocene palaeoenvironmental changes along the
climate-sensitive transition zone (Rhéne Rift Valley) between central and southern Europe to
link those obtained characteristics to known European LPS for establishing a synopsis of

palaeoenvironments along central and southern Europe.
This aim was achieved by accomplishing two main objectives as followed:

I.  identify possible stratigraphic marker horizons/complexes in the LPS along the Rhone
Rift Valley, which allows cross-regional correlations with other European LPS;

Il.  establish a reliable chronostratigraphy by dating soil formation processes and loess
depositions.

Based on the state-of-the-art knowledge of reconstructed palaeoenvironments from European
LPS (section 1.1) and other archives (e.g. marine cores, ice cores, pollenstratigraphies,

speleothem records) the following hypotheses were developed from the objectives:

i)  The Mediterranean zone extended further north during the Last Interglacial (Eemian,
marine isotope stages (MIS) 5e).
i)  During the Middle Pleniglacial (MIS 3) more pronounced temperate conditions (i.e.
higher precipitation) prevailed in the Rhéne Rift Valley compared to central Europe.
i)  During the Upper Pleniglacial (MIS 2) the transition zone was marked by less

pronounced cold and arid conditions compared to central Europe.

1.3 Approach of research

To achieve the objectives and test the hypotheses, a multi method-approach combining data
from the macro- to micro scale level, was used. A series of field campaigns to the Rhone Rift
Valley took place between 2016 and 2021, visiting various LPS described in the literature. The
goal of these visits was to identify suitable LPS that are likely to represent Late Pleistocene
climate changes by covering the climatic conditions of all glacial, interglacial and interstadial
periods. The preliminary investigations confirmed that almost all LPS in the Rhoéne Rift Valley

are disturbed by erosive/colluvial processes, and the (palaeo-) soils mainly remained as soil-
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sediment mixtures. Finally, the “Baix” LPS within the recent climate transition zone and the
“Collias” LPS in the Mediterranean region were chosen as they appeared to be the least
disturbed and seemed to include remains from the Last Interglacial-Glacial cycle (Figs. 1.2,
1.3). Additional, to the two main sections, smaller side sections (Collias-North, Collias-
South_D112, Collias-North_D112 and Baix_west) were chosen to study the palaeosol

formation in greater detail and to understand their spatial variability at the local scale.

The field characteristics of the sections were described in detail and cleaned sections were
sampled for pedological-sedimentological analyses. For micromorphological analyses,
orientated samples from the loess sediment and the palaeosols were carved out with the help
of steel-framed Kubiéna boxes. The results of the granulometric and soil-chemical analyses
were used to generate palaeo-proxies (e.g. weathering indices, grain size index) in order to
identify weathering intensities of the loess sediment and (palaeo-) soils. The results from the
micromorphological analyses were also used to determine weathering intensities (e.g.
presence of clay coatings) and to identify possible in situ formations or disturbances through
relocation and/or bioturbation, respectively. The interpretation of the combined field
observations and analytic results allowed to i) identify similar pedogenic and sediment cycles,
with in the LPS ii) determine (palaeo-) soil types according to IUSS Working Group WRB

(2022), and iii) derive former climatic conditions.

A central aspect of the study was to discern a reliable chronological framework into which the
reconstructed palaeoenvironmental conditions can be placed. For obtaining the chronometric
frame, ages were determined using i) luminescence screening on minimally prepared material,
i) optically stimulated luminescence (OSL) dating on different grains of various sizes and iii)
accelerator mass spectrometry (AMS) radiocarbon dating from gastropod shells and
earthworm calcite granules. The obtained ages were put in context with the warm interglacial
and cold glacial periods derived from oxygen isotope data of marine sediment cores (marine
isotope stages (MIS)) and stage boundaries used according to Lisiecki and Raymo (2005) and
Railsback et al. (2015). Furthermore, the results were correlated with the INTIMATE event
stratigraphy, which includes additionally to terrestrial and marine records, ice core records from
the last glacial period climate fluctuations known as Dansgaard-Oeschger events, which were
numbered systematically as Greenland interstadials (Gl) and Greenland stadials (GS)
(Rasmussen et al. 2014). Subsequently, the set-up chronostratigraphies of the LPSs were
correlated with other local, regional and supra-regional known European LPS. With respect to
their geographic locations and the fact that these archives have their own multitude of proxies,
other terrestrial and marine archives were used to confirm or deny reconstructed climate

conditions within the Rhone Rift Valley.



The findings were outlined in four studies, representing the cumulative compilation of this
thesis. Study 1 (chapter 2) and study 2 (chapter 3) focused thereby on dated key palaeosols
of the Collias LPS and obtained palaeoenvironmental conditions of southern (Mediterranean)
region of the research area and their connection with Mediterranean LPSs of similar
characteristic. In study 3 (chapter 4) and 4 (chapter 5) the focus was set on the recent climatic
transition area near Valence with the Baix LPS. Within study 3, a detailed chronological frame
together with correlations to local archives allowed to reconstruct the palaeoenvironmental
conditions of the climate transition zone. With the gained knowledge of the studies 1, 2 and 3,
it was possible in study 4 to use the north-south transect-approach, to characterise the main
palaeosol horizons in their (sub-) regional context, and to characterise their changes from
central Europe, along the transition area to southern Europe. In chapter 6, the central findings

of two LPSs were discussed and synthesised in order to accomplish the research aim.

1.4 Research area — Rhone Rift Valley
1.4.1 Geology and Geomorphology

The Rhone Rift Valley and its northern extensions, the Bresse Graben and the Rhine Graben
are part of the European Cenozoic Rift System (ECRIS), a large N-S orientated graben
structure, extending over 1100 km, from the North Sea to the Mediterranean Sea (Fig. 1.2)
(Dezes et al. 2004; Ziegler and Dézes, 2007). The formation of the ECRIS and thereby of the
Rhéne Rift Valley started in the Eocene, as a consequence of the Alpidic orogenesis. In the
following stages the Rhoéne Rift Valley was filled with Oligocene to Miocene deposits (Ziegler
and Dézes, 2007). Due to uplifting, dissecting and eroding of the diverse geology, the Rhéne
Rift Valley is characterised by an alternation of wide basins and epigenetic constrictions. The
north is marked out by the northern Lyon basin, framed by the north-eastern Dombes plateau,
composed of Miocene, Pliocene and Pleistocene material. At the Bresse Graben the ECRIS
continues, consisting of molasse and Pleistocene sediments. The north-western part of the
valley is limited by the Palaeozoic metamorphic and plutonic rocks of the Massif Central.
Remnants of Jurassic and Cretaceous sediments are only found as discontinuous formations
in the marginal areas e.g. Monts du Maconnais, Mont d'Or lyonnaise, Crussol massif (Bourdier,
1958). Further south-west, the Massif Central withdraws and the limestone plateau of the
Languedoc-Rhodanian (Ardeche, Gard) with its Eocene and Oligocene deposits appear,
presenting a karst landscape with sunken molasse basins (Pletsch and Uterwedde, 2003). The
eastern boundary of the valley is presented by the French Alps composed of Mesozoic and
Palaeozoic material (Debelmas, 1974). The southern Rhéne Rift Valley is surrounded by the
northern Alpilles, the western Nimes fault, the eastern Salon Cavaillon fault and seawards by
the continental shelf (Boyer et al. 2005; Jamagne et al. 2011). The delta consists mainly of

Pliocene and Pleistocene sediments.
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The Rhéne Rift Valley is affected by tectonic and micro-tectonic movements. Mainly, south-
eastern tectonic features at the Gulf of Lion (Costiére du Gard/ Nimes plateau) indicate tectonic
activity during Pleistocene (Vella and Provansal, 2000; Debelmas et al. 2004). Subsidence
from recent tectonic activity are confirmed by archaeological data (Vella and Provansal, 2000;
Boyer et al. 2005). Pyroclastites prove several volcanic eruption events during the Middle and
Upper Pleistocene (Puaud et al. 2015).

e

—— "'d.-

4 6*
ECRIS — European Cenozoic Rift System

Figure 1.2: European Cenozoic Rift System (ECRIS) with research area “Rhéne Rift Valley” (white
rectangle) and locations of the investigated Baix and Collias loess-palaeosol sections (pink stars)
(source: Meschede and Warr, 2019 (mod.)).
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Hydrology of the Rhéne Rift Valley

The Bresse Graben is drained by the Sadne, which originates in the Vosges mountains and
flows into the Rhone at Lyon. The Rhone River (810 km long) originates from the Rhone/Rotten
glacier located at the Swiss Alps (canton Wallis, 2341 m a.s.l.). The river passes in east-west
direction Lake Léman (Geneva), crosses between the Alps and the Jura Mountains and drains
north into the alluvial fan of Bas-Dauphiné. West of the Jura Mountains the Ain River flows into
the Rhéne. At Lyon, the Rhéne changes the direction and drains southwards into the
Mediterranean Sea (Olivier et al. 2009). Before draining into the Mediterranean Sea, the Rhéne
subdivides into the Grand Rhoéne and the Petit Rhéne. The Grand Rhone, drains east of the
delta (sub-straight channel) and supplies an active pro-delta in the Mediterranean (Arnaud-
Fassetta and Provansal, 2014). The Petit Rhéne marks the western edge of the Camargue
and, whereas it flows into the Mediterranean. The delta is part of the Gulf of Lion, a wide
embayment of the French Mediterranean coastline (Arnaud-Fassetta, 2003). The eastern
tributaries of the Rhéne, e.g. Isére, Drdme, Durance originating in the Alps, have a higher
sediment load, compared to steep shorter rivers (e.g. Ardéche, Gardon, Céze) form the Massif
Central (Olivier et al. 2009).

Vegetation of the Rhone Rift Valley

The potential temperate vegetation zone in the plains (<700 m) is characterised by deciduous
oak mixed forest. The hills and mountains of the Alps and the Massif Central are characterised
by a mixture of Fagus and Abies (Beaudouin et al. 2007; Ollivier et al. 2014). The
Mediterranean coastline vegetation (<500 m) shows sclerophyllous forests with evergreen
Quercus and Laurus nobilis (Beaudouin et al. 2007). Higher altitudes of the Mediterranean
vegetation show mainly Quercus pubesces associated with Buxus sempervirens (Beaudouin
et al. 2007). Mountainous forest (1450-2500 m) are characterised by conifers, while at the
Alpine belt plants like Ericaceae with Poaceae emerge (Beaudouin et al. 2007). The actual
vegetation is presented by large cultivated plantations represented by fruit cultivations in the
north and more frost-sensitive fruits, like wine or olives in the south. The vegetation of the
Rhéne delta is adapted to dune and swampy vegetation e.g. Salicornia, Limonium (Pletsch
and Uterwedde, 2003). Based on the favourable climatic and geomorphological conditions, the
Rhéne-Sabne Valley is described as an early settlement region (Delhon et al. 2009; Daujeard
et al. 2012; Doyen et al. 2015; Moncel et al. 2015; Richard et al. 2015). Thus, anthropogenic
influence on deforestation, the change of natural vegetation distribution (deciduous oak by
Quercus ilex through human activity) (Beaulieu et al. 2005) and intense agriculture (Reille and

Beaulieu, 1990; Preusser et al. 2011) started at an early stage.
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1.4.2 Climate of the Rhéne Rift Valley

The recent climate of the Rhéne Rift Valley is characterised by a gradual change from
temperate climate conditions in the north to Mediterranean conditions in the south (Fig. 1.1).
The temperate climate of the northern valley is distinguished by warm summers (up to 3 arid
month) and cold, humid winters (mean annual temperature (MAT): ~13 °C) with mean annual
precipitation (MAP) between 800 mm and 900 mm (Meteo-France, 2022a). The mountainous
and eastern regions of the valley reached higher MAP of 1200-1400 mm and summer storms
are common (Diodato et al. 2016). The Mediterranean climate is characterised by hot, dry
summers with 5 arid months, MAT: 214 °C and humid winters with MAP: 2500 mm (Meteo-
France, 2022d, 2022e). The wind system of the valley is influenced by different origins of
advect air masses (Mediterranean, maritime, polar maritime and subtropical), which led to
synoptic circulations and resulting in a high yearly and seasonal variability of precipitation and
wind intensities (Diodato et al. 2016). The dominating wind systems are the cold blowing
Mistral and Tramontane. The strong north-northwestern blowing Mistral travels as well as the
western blowing Tramontane, through the channelled valleys before opening into the
Mediterranean Sea (Obermann et al. 2018). Both wind regimes occur consequently often at
the same time, most likely during winter months and are accompanied by cold air and rain
(Jacq et al. 2005; Obermann et al. 2018). The Mistral can reach maximal wind speeds up to
140 km h't and last for several days (Jacq et al. 2005). For the south-west Rhéne Rift Valley
flash flood events are common. Here, the 2022 event stands out, with daily precipitation

maxima between 600 and 700 mm (Diodato et al. 2016).

1.4.3 The Pleistocene period in the Rhdne Rift Valley

During the penultimate (Rissian) and Last Glacial period (Wurmian), parts of the north-eastern
Rhéne Rift Valley were covered by glaciers. The glaciers of Arve, Arc, Isére and Rhéne formed
within the internal part of the French northern Alps and the Jura mountains a complex ice net,
from which the so-called Lyonnais ice lobe advanced into the Rh6ne Rift Valley (Mandier et al.
2003; Coutterand et al. 2009; Buoncristiani and Campy, 2011). The glaciers Isére, Arc and
Romache extended into the Isére Valley, north of the Massif Vercors representing the
southern-most extension of the glaciation concerning the Rhéne Rift Valley. During the Rissian
period, the northern Dombes plateau was entirely covered by ice, creating an ice-dammed lake
with glacial-lacustrine deposits. During the last glacial maximum (LGM), the extension of both
ice lobes (Lyonnais and Isére) were more limited. The age of the LGM within the Rhéne Rift
Valley is still a matter of debate. Ages of 27 ka or 22 ka (MIS 2) are proposed (Schoeneich,
1998; Coutterand, 2010; Buoncristiani and Campy, 2011), but even earlier phases for the
maximum advances (MIS 5d or MIS 4) are considered (Ilvy-Ochs et al. 2008).
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In the Massif Central small ice-caps, valley and piedmont-glaciers occurred during the
Wiirmian (Buoncristiani and Campy, 2004). Due to the topography of the Massif Central (larger
ice masses in the west than the east) it is assumed that the glacial impact in terms of debris
and sediment input into the Rhone Rift Valley was minor, compared to the Alps (Buoncristiani
and Campy, 2004).

The southern part (south of Valence) of the Rhéne Rift Valley is assigned to the periglacial
zone, in which Tzedakis et al. (2013) assumed the present of tree “refugias” during LGM.
Andrieux et al. (2016) reconstructed the southern limit of continuous permafrost during the
LGM at 47° N and of discontinuous permafrost at 45-44° N (region between Lyon and
Valence). However, various frost features were observed in sediments along the entire
southern ECRIS, especially at the Costiére de Nimes plateau in the Rhéne delta (Arnal 1971,
Bornand 1978; Ollivier et al. 2014), indicating at least strong seasonal frost during the LGM
(Bertran et al. 2013; Andrieux et al. 2016).

Pleistocene moraine and terrace deposits of the Rhdne Rift Valley

The research on the Pleistocene terraces of the Rhone Rift Valley started in the early 20%
century by Penck and Brtickner (1909), Kilian and Gignoux (1911), Chapotat (1935), Bourdier
(1958), Mandier (1969, 1974, 1984, 1988), Bonnet and Bornand (1970) and Arnal (1974),
Bornand (1978) until more recently Molliex et al. (2013) aimed to establish a chronological

frame of the terrace formation periods.

In the northern Rhéne RIift Valley only a very limited number of terraces remained, as
Pleistocene deposits have been almost entirely eroded. With exceptions of scarce Riss-
Wirmian or Inter-Wirmian lignite formations, only Wirmian retreat moraines and post-
Wirmian sediments can be found. These moraines and fluvio-glacial deposits were divided by
Mandier (1984) into five stages (A—E). Stage A presents the maximal extension of the glacier
(LGM) located east of Lyon, whereas stages B and C present different end moraine stages.
Stage D presents an early retreat of the ice and stage E finally marks the complete ablation
(Mandier et al. 2003). Proposed radiocarbon dates for the retreat of the ice lobe for stage E
are between 22.000 and 18.200 cal BP. (Mandier et al. 2003). The fluvio-glacial terraces of the
northern valley are defined as “terrace rhodanienne” (Bornand, 1978; Jamagne et al. 2011).
They appear mainly on the eastern river bench with ranging thicknesses between 10 and 50
m (Bornand 1978; Jamagne et al. 2011). The terraces are composed of sandy debris, which

originated from the molasse or calcic substrate of the Rhéne Rift Valley (Jamagne et al. 2011).

At Biévre-Valloire, in the middle Rhéne Rift Valley, the fluvial and fluvio-glacial terraces are
remarkably preserved and comprises of deposits form the entire Pleistocene (Bourdier, 1958).

The good preservation status is mainly related to alpine tectonics, with the oldest strata being
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more uplifted than the youngest. The Valence basin presents the transition area from fluvio-
glacial terraces to fluvial terraces. Rissian and Wirmian fluvial terraces of the Rhéne and the
Isére (“terraces Prealpes”) prevail in the basin located at the eastern river bench (Bourdier,
1958; Bambier et al. 1979). The approx. 10 m thick terraces are located on sandy molasse
material from the Prealps, which is dominated by calcium (>95 %) and flint (Bornand, 1978;
Jamagne et al. 2011). The depression between Saint-Péray and Saint-Georges-les-Bains on
the western river bench represents an early (probably Giinz-Mindel) paleo-channel of the pre-
Rhéne (Mandier, 1974).

The terraces on the western river bench in the mid- and lower Rhdéne Rift Valley are defined
as “terraces Massif central” and further south as “terrace Ardéche”. Their thickness ranges
between 5 m and 10 m and they comprise of the gravelly debris material (mixture out of
crystalline, siliceous or basaltic material) from the Massif Central and the Ardéche, respectively
(Bornand, 1978; Jamagne et al. 2011).

Within the lower Rhone Rift Valley, the old non-disturbed terraces (Villafranchian or Giinz to
Wiurm) submerge beneath the Holocene deposits in southward direction. In the west, the
Rhone delta comprises of Pleistocene alluvial layers of the “Costiere de Nimes"/du Gard
plateau (60—-140 m over the delta) and of the Pliocene alluvial material from the Durance of the
Costiére de la Crau in the east (Jamagne et al. 2011). Due to tectonic movements, the
chronostratigraphic classification of the plateaus is more challenging (Bourdier, 1958). The
eastern and southern parts of the delta display a mixture of eroded Pleistocene fluvial and
marine terraces, lacustrine and postglacial fluvial deposits. A correlation to other terraces of
the delta via altitudinal is difficult, as these sediments have been reshaped by tectonic

movements and erosion (Monjuvent et al. 1991).

During the Pleistocene, the palaeo-Rhéne drained into the palaeo-coastal fringe, 120 m under
present day sea level (Arnaud-Fassetta and Provansal, 2014). At present day, the Rhone
channelis located at the top of a large alluvial ridge and characterised by fluvial, brackish (salty
lagoons) and coastal (sandbars) deposits. At the western delta plain, sand ridges are well

preserved, while at the eastern part they are eroded and/or buried (Boyer et al. 2005).
Loess deposits of the Rhone Rift Valley

In relation with other Pleistocene deposits, loess deposits were already described in the 19"
century by Benoit (1858), Falsan and Chantre (1879) or in the early 20" century by Penck and
Briickner (1909). First detailed descriptions of the aeolian deposits, especially loess, were
done by Marcelin (1926), whereas Suen (1934) was among the first who extensively mapped
the occurrence of loess along the Rhone. In the following loess research in the Rhone Rift
Valley was further expanded by Perrin (1948), Viret (1948), Marcelin (1950), Tricart (1952),
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Mazenot (1956,1957, 1959, 1965), Bourdier (1958), Alimen (1965), Bonifay (1952, 1962, 1965)
and more recently by Franc et al. (2017) and Bosq et al. (2018, 2020a, 2020b).

Source of the Rhone Rift Valley loess are alluvial deposits from the valley originated from
glacial and fluvio-glacial deposits from the Alps and Massif Central (Suen, 1934; Bosq et al.
2018, 2020a). They cover the Dombes plateau and the large basins and terraces of the
northern valley (Figs. 1.3, 2.4, 4.43, 5.69). They appear on both sides of the Rhéne River,
whereas on the western river bench, loess deposits are located at depressions and rives. On
the eastern bench, the loess covers largely the Bas-Dauphiné depression. Further south, the
deposits mainly occur along the tributaries cover partially bedrock, partially, the fluvial terraces,
north and south of the confluences with the Rhéne and smaller side valleys of the Rhéne (Figs.

1.3, 2.4, 4.43, 5.69). The southern-most loess deposits are located on the Nimes plateau.

According to Suen (1934), Bourdier (1958), Bonifay (1965), Mazenot (1965) and Bosq et al.
(2018, 2020b), the following characteristics of the loess deposits in the Rhéne Rift Valley were

summarised. The loess deposits:

o vary in thickness between several centimetres and up to 10 m, locally.

o are dominated by large silt particles with a unimodal to polymodal grain-size
distribution.

o show a discontinuous distribution of silty sands and colluviated loess within the
southern parts of the valley.

o are generally intensively reworked and redeposited

o change in colour from yellow in the north to brown or red in the south of the valley.

o show a varying carbonate content between 15 and 35 % CaCOs

o contain striking carbonate nodules (French: “poupées”), which occur in various shapes
and sizes up to few meters thick cemented carbonate layers.

o contain various faunal fossils all along the valley.

The chronology of the loess deposits was generally based on faunal remains, Palaeolithic
artefacts or the stratigraphical positions of their palaeosols and their comparison with the
chronology of the Alpine glaciations (Suen, 1934; Tricart, 1952; Bourdier, 1958; Bonifay, 1965,
Mazenot, 1965). Suen (1934), suggested that the main loess formation period corresponds to
the Late Pleistocene. According to Tricart (1952) and Bonifay (1965), in the southern Rhéne
Rift Valley two series of loess are visible, dating to the last two glaciations (Rissian and
Wirmian), separated by the Last Interglacial soil. Bonifay (1965) also describes silty cave
infilling of aeolian origin, which he accounts to the Mindelian period. Although without any
numerical dating, the author provides a detailed stratigraphical description of the “older”
Rissian loess and the “recent” Wirmian loess. He subdivided the Wirmian loess into four units,

separated by palaeosol formations, beginning from the bottom with | to IV (Bonifay, 1965). The
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Figure 1.3: Map of aeolian (loess and sand), alluvial and fluvial deposits in the Rhéne Rift Valley area
derived from Bertran et al. (2021) and Lehmkuhl et al. (2021) with locations of loess-palaeosol section
(LPS) Baix and Collias (pink stars) (map data: Digital Elevation Model (DEM) with a 12 m x 12 m
resolution derived from the TanDEM-X data Mission (2011-2015) from the German Aerospace Centre

(DLR)).
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loess unit | overlays the 1.50 m thick red Last Interglacial soil and is dominated by an orange,
or reddish, or even red colour. The loess unit | is generally subdivided into two levels, a red
lower level bearing the trace of a small soil alteration in its upper part, and an orange or
yellowish upper level. The loess unit 1l displays a typical loess facies and is overlain by a grey
or reddish-brown soil (Bonifay, 1965). Loess unit Il begins with a layer of cryoclastic debris,
followed by a typical beige or greyish, sometimes sandy loess. The loess can be subdivided
by a thin grey and a gravelly soil. At the top of the recent loess lll is a grey or reddish-brown
soil. The loess facies of unit 1V is slightly sandy and the deposits are surmounted by colluvial
material and the post-glacial soil (Bonifay, 1965). Bourdier (1958) describes a similar
stratigraphy for the last glacial loess-palaeosol sequences and even suggest older deposition
ages (Middle Pleistocene) for the lowermost loess.

More recent research by Magnin (2014) and Magnin and Bonnet (2014) in the southern part
of the valley, presents **C ages from molluscs, suggesting favourable climate conditions for
soil formation. Datings correspond to a MIS 3 interstadial (Hengelo-Charbon (38-37.000 BP)
or Moershoofd-Pile interstadial complex (50-43.000 BP). A possibly corresponding brown
palaeosol was dated in the LPS Lyon-Apollinaire, north of the valley, although the ages are
more variable between 27 and 40 ka and remained to be discussed according to Franc et al.
(2017). Furthermore, OSL and **C ages obtained from a brownish horizon of LPS Quincieux,
close to LPS Lyon-Apollinaire, are coherent around 20 ka, suggesting another younger soil

formation phase.
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Abstract

A sedimentological and chronostratigraphical investigation was carried out on two loess
sections located in the Mediterranean area in southeast France along the Rhéne River
(Lautagne) and the lower reach of a tributary of the Rhéne River (Collias). High-resolution

sampling (5—-20 cm) for magnetic susceptibility, grain size distribution (including non-
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parametric end-member modelling), colour reflectance and geochemistry was performed. The
chronology was based on luminescence dating of quartz grains and radiocarbon dating of small
gastropod shells, coupled with hierarchical Bayesian modelling. The Collias section (~8 m
thick) records the whole last climatic cycle. It comprises a thick red basal pedocomplex S1
developed during the Last Interglacial and the Early Glacial, similar to that observed elsewhere
in southern and southeastern Europe. Loess deposition occurred during the Lower (L1L2) and
the Upper Pleniglacial (L1L1). It was interrupted by soil formation during the Middle
Pleniglacial, of which a brown Bwk horizon has been preserved (L1S1). By contrast, the ~5 m
thick Lautagne section provides a detailed record of the Upper Pleniglacial. Weakly developed
hydromorphic soils are correlated with the Greenland Interstadials Gl-4 to GI-2, while the main
period of coarse loess sedimentation corresponds to the Greenland Stadials GS-5 to GS-2. At
a regional scale, the time of loess deposition ranges between 38.5 ka and 12 ka, with a peak
at ~28-24 ka, overlapping with the maximal advance of the Alpine Ice Sheet (AIS). This
strongly suggests that regional glacier dynamics was the main driver of loess sedimentation.

Keywords: Loess, Southeast France, Chronology, Geochemistry, Grain-size distribution, Last

Glacial

2.1 Introduction

Loess deposits are widespread across the European continent and constitute key terrestrial
archives for reconstructing the palaeoenvironments of the last climatic cycle. During the Last
Glacial, drastic reduction of the vegetation cover, increase in wind intensity and decrease in
precipitation favoured the global emission of dust (Lunt and Valdes, 2002; Mahowald et al.
2006; Hopcroft et al. 2015; Schaffernicht et al. 2020). Loess accumulated at the periphery of
the Eurasian Ice-Sheet (EIS) and on the banks of major rivers draining mountain ice caps. Past
advances of luminescence-dating methods, such as optically simulated luminescence (OSL,
Huntley et al. 1985) on quartz, and infrared stimulated luminescence (IRSL, Hiitt et al. 1988)
or post-IR IRSL (pIRIR, Thomsen et al. 2008) on feldspar and polymineral grains, have enabled
the establishment of a robust chronological framework of the phases of loess accumulation
and soil formation (e.g. Frechen and Schirmer, 2011; Thiel et al. 2011a; Kreutzer et al. 20123,
2012b; Fuchs et al. 2013; Z6ller et al. 2013; Lomax et al. 2014; Moska et al. 2015, 2019; Sauer
et al. 2016; Guérin et al. 2017a; Zens et al. 2018). Simultaneous improvements of radiocarbon
dating by Accelerator Mass Spectrometry (AMS) made it possible to analyse small charcoal
pieces and carbonate biomineralisations (e.g. small terrestrial gastropod shells, earthworm
calcite granules) and also greatly contributed to support and refine previous loess chronology
in some regions (e.g. Ujvari et al. 2016b; Moine et al. 2017;). Overall, the progress in dating
accuracy over the past decades highlighted the impact of millennial climate variations such as

Dansgaard-Oeschger (D-O) cycles upon loess sedimentation in Europe.
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Figure 2.4: A) Map of aeolian deposits in Western Europe from Bertran et al. (2016) with additional
datafrom Bosq et al. (2018) and Lindner et al. (2017), showing the location of the sections studied in the
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Rhéne Valley and within the Rhéne catchment (red line). The British-Irish Ice Sheet (BIIS) and
Scandinavian Ice Sheet (SIS) are from Hughes et al. (2016). The Alpine Ice Sheet (AIS) and other LGM
glaciers are from Ehlers and Gibbard (2004). Sea-level drop to 130 m below sea level during the LGM
is assumed (Lambeck et al. 2014). Palaeocoastlines are from Zickel et al. (2016). The map is based on
a Digital Elevation Model (DEM) (ETOPO1; Amante and Eakins, 2009), ETRS89-LAEA projected
geographic coordinate system. B) Spatial distribution of aeolian deposits in the study area (Bosq et al.
2018). C, D) Close-up maps of the Collias (C) and Lautagne (D) areas, based on a DEM with 5 m
resolution from RGE ALTI® (http://professionnels.ign.fr). The geological formations were redrawn from
the 1:50,000 geological map (http://infoterre.brgm.fr). Abbreviations: Fz = Holocene floodplain, Fy, Fyc-
e, Fyb, Fya, Fw, Fv = Pleistocene terraces, Jz = alluvial fans, m1v/m2C = Miocene molasses (yellow),
n4-5U = Cretaceous limestone, Oe = loess (green), U = travertine. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)Yet, because of

its patchy distribution and variable thickness, peri-Mediterranean loess remains poorly
documented except for some publications (Calvo et al. 2016; Profe et al. 2016; Costantini et
al. 2018; Wacha et al. 2018). Recent studies in the Po plain in Italy (Cremaschi, 1990a;
Cremaschi et al. 2015; Zerboni et al. 2015) and Croatia (Wacha et al. 2018), as well as in the
Ebro (Boixadera et al. 2015) and Tagus basins (Wolf et al. 2018, 2019) in Spain suggested,
however, that Pleistocene loess covers considerable areas in peri- Mediterranean regions.
Last Glacial loess is also widespread in the Rhéne Valley, southeast France (Bosq et al. 2018,
2020a and references therein). These deposits have specific characteristics when compared
to loess from the North-European Loess Belt (NELB), including a coarser texture (main grain-
size mode around 60 pm), polymodal grain-size distribution, locally great thickness but
discontinuous spatial distribution, high carbonate content and abundant syn-sedimentary
bioturbation. Such pattern is assumed to reflect the capture of particles in saltation and short-
term suspension by shrub vegetation close to the fluvial sources, in a milder climate than that
of the North European plains. Geochemical analyses show that loess deposits derived from
the rivers (Rhéne, Rhine, Danube and Po) draining the Alpine Ice Sheet (AIS) have a similar,

Ca-rich composition (cf. Bosq et al. 2020a). They are referred here as to “perialpine loess”.

This paper has the following objectives: (1) high-resolution multi-proxy analysis of two sections
(Collias and Lautagne) representative of the loess-palaeosol sequences of the Rhdne Valley,
southeast France, (2) development of an accurate chronological framework using a
hierarchical Bayesian model based on OSL and AMS “C ages of the section of Lautagne, and
(3) comparison of the chronology of loess deposition with AIS fluctuations and the North

Greenland Ice Core Project (NGRIP) ice record.

2.2 Materials and methods

2.2.1 Study sites, description and sampling

The sequence Collias (43.953° N; 4.466° E; 100 m a.s.l.) is located on the left bank of the
Gardon River, upstream of its confluence with the Rhéne (Fig. 2.4A and B). In this area, loess
deposits reaching locally 10 m thickness were recognised in the 1950s and 1960s (Tricart,

1952, Mazenot, 1956, Bonifay, 1962). Loess overlies Lower Miocene molasse (noted mlv on
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the 1:50.000 geological map, http://infoterre.brgm.fr/) and extends from the foot of a Lower
Cretaceous (n4-5U) limestone massif to the alluvial plain of the Alzon River (Fig. 2.4C). A
previous study has demonstrated that the geochemical composition of alluvium from the
Gardon River (as well as all the rivers from the French Massif Central) differs from that of loess
of the Rhone Valley, including the Collias samples (Bosq et al. 2020a). The geochemical data
also revealed that the dust was mainly supplied by the bed of the Rhéne River (at that time a
braided river, carrying the sediment loaded meltwater of the Alpine (and Jura) glaciers).
Bonifay (1962) distinguished two loess generations and assigned them to the Last Glacial
("Series 1) and the Penultimate Glacial ("Series 1I”). According to the same author, the two
generations are separated by an erosional discontinuity attributed to the Last Interglacial. The
studied section is a subvertical outcrop created during the construction of a forest road. A
Mediterranean climate with low rainfall (Mean Annual Precipitation, MAP = 763 mm), hot
summers (Tmax = 22 °C) and relatively high annual temperatures (Mean Annual Temperature,
MAT = 15.2 °C) characterises the area (meteorological data for the period 1981-2010;
https://donneespubliques.meteofrance.fr).

The sequence Lautagne (44.904 °N; 4.897 °E; 177 m a.s.l.) is located south of Valence on the
left bank of the Rhone (Fig. 2.4D), on a river terrace (Fw) attributed to the Middle Pleistocene
(Mandier, 1988), showing a well-developed rubefied palaeosol. Two test pits were dug during
archaeological excavations led by the Institut national de recherches archéologiques
préventives (Inrap) (see Fig. A2.14 in Appendix A). The fluvial gravel is buried by loess,
reaching a thickness of up to 5 m (profile A) and gradually decreasing towards the edges of
the plateau (profile B). Lautagne is located at the transition between a semi-continental climate
to the north and a Mediterranean climate to the south, with a MAP = 923 mm and a MAT =
13.3 °C.

Excavation and manual cleaning of the sections created successive vertical panels (1 m to 2
m high and >1 m wide) separated by steps, making description and sampling easier. The
lithofacies codes were taken from Miall (1996), and the soil horizons were classified according
to the FAO Guidelines for Soil Description (FAO, 2006) and the World Reference Base for Sall
Resources (IlUSS Working Group WRB, 2015). Samples were collected for magnetic
susceptibility, grain-size distribution and colourimetry at 5 cm depth-resolution, and for
geochemistry at 20 cm depth-resolution. In total, 164 (Collias) and 98 (Lautagne) samples
were collected and analysed (Figs. 2.5 and 2.6). In addition, eight blocks of sediment (15 cm
x 10 cm x 7 cm) were extracted from each section for thin section preparation according to the
method described by Guilloré (1980). The micromorphological description of the samples was

carried out according to the recommendations of Stoops (2003).
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2.2.2 Bulk magnetic susceptibility

Measurements of the specific-mass magnetic susceptibility (x) of each sample were performed
in the laboratory using a Bartington MS2B at room temperature. The results are expressed in
10® m®kg. The dry, bulk sedimentary material was homogenised and compressed in a 10 ml
plastic cylinder. x values reflect the concentration of minerals with ferrimagnetic properties
(mainly magnetite and maghemite). Nevertheless, this proxy can be biased by the grain-size
distribution of magnetic grains. Indeed, ferrimagnetic grains of the superparamagnetic grain-
size (SP, <0.03 mm) have a significantly higher c than single-domain (SD, >0.03 mm) or multi-
domain (MD, >~10 mm) particles (Thompson and Oldfield, 1986). The use of the frequency
dependent magnetic susceptibility (Xrp) partially resolves these limitations (Obreht et al. 2019).
This parameter is the relative difference between the mass magnetic susceptibility values

measured at low frequency (0.46 kHz) and high frequency (4.65 kHz) (XLr and XHr

respectively). Xrp (expressed in %) was calculated as follows:

(X LF — X HF)
FD=-‘>——2 “x1
X Y LF x 100

XFD is a measure of the relative contribution of SP ferrimagnetic particles approaching the SP-
SD threshold that are formed exclusively in situ (e.g. Maher and Taylor, 1988; Dearing et al.
1996). Therefore, Xrp is considered to be a very efficient proxy for determining the weathering

intensity (Dearing et al.1996; Buggle et al. 2014).

2.2.3 Grain-size distribution and end-member modelling

The samples for grain-size distribution analysis were processed using a Horiba LA-950 laser
particle size analyser. After passing the samples through a 2 mm sieve to remove the coarser
fraction (secondary carbonate concretions, shells, gravels and roots), the sample pre-
treatment included suspension in sodium hexametaphosphate (5 g It) and hydrogen peroxide
(35 %) at room temperature for 12 h. As recommended by Schulte et al. (2016), the carbonates
were not removed. Then, the suspension was subjected to 60 s ultrasonification to achieve
optimal dispersion. The Mie solution to Maxwell’s equation provided the basis for calculating
the particle size distribution (1ISO, 2009; Jones, 2003), using a refractive index of 1.333 for
water and 1.55i—0.01i for the particles (see Appendix of Sitzia et al. (2017) for details on the
procedure). The upper limit of clay measured by laser granulometry was set at 8 pm after
calibration by the sieve-pipette method as described in Bosq et al. (2018). Finally, the Grain
Size Index (GSI) defined by Antoine et al. (2009a) was calculated. The GSl is the ratio between
coarse silt (52—-26 um) and fine silt plus clay (<26 pum).

Grain-size distribution can provide key information on the provenance, mechanisms and/or

distance of transport, and the depositional environment of sediments (e.g. Bagnold and
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Barndorff-Nielsen, 1980; Vandenberghe, 2013; Ujvari et al. 2016a). Two approaches have
been developed to decompose grainsize distributions and to quantify dominant subpopulations
in aeolian sediments: (i) parametric curve fitting using a mixture of log-normal (Qin et al. 2005;
Bosq et al. 2018) or Weibull distribution functions (Sun et al. 2002) and (ii) non-parametric
endmember modelling analysis (EMMA) (Weltje, 1997; Vriend and Prins, 2005; Weltje and
Prins, 2007; Dietze et al. 2012; Dietze and Dietze, 2019). In this study, the EMMA approach
was applied using the MATLAB® GUI software of AnalySize developed by Paterson and
Heslop (2015). The main advantage of this method is that it describes an entire grain-size
dataset as a mixture of distinct unimodal or polymodal subpopulations (Weltje, 1997; Weltje
and Prins, 2007; Dietze et al. 2012). The analysis was arbitrarily restricted to the grain-size
class [>1 um to <678 um] to eliminate a large number of zeros that cause numerical instabilities
in the treatment. The determination coefficient R? was calculated to identify the minimum
number of end-members (EMs) (q) necessary for correct statistical interpretation. Following
this principle of parsimony, an EM model with g = 3 was chosen as it allowed a significant
improvement of R2 from 2 to 3 EMs while the improvement was reduced from 3 to 4 EMs (see
Fig. A2.15). This model explains 97.8 % of the total variance of the dataset. Then, the
distribution of each EM was split into different populations by the parametric curve fitting
method using the R (R Core Team, 2019) package ‘mixdist’ (Macdonald and Du, 2015) to
identify the different modes. A log-normal distribution was used.

2.2.4 Spectrocolourimetry

The colour of moist sediments was determined in the field using the Munsell soil colour chart
(Munsell, 2000). The colour of the dry, crushed and homogenised samples was then measured
in the laboratory using an Avantes AvaSepc-2048 fibre-optic spectrometer. The instrument
was equipped with an optic fibre probe (1 mm diameter) that was placed at a short distance (2
mm) from the smooth surface of the sample. An Avalight-Hal was used as the light source,
and the equipment was calibrated with a white reference sample (Halon D65). Three
measurements per sample were performed, and the average was then calculated. The spectral
information obtained was converted into the CIELAB (L*, a*, b*) system (CIE, 1976) using
Avasoft 7.5 software. The variable L* indicates the lightness on a scale from 0 (black) to 100
(white) while the variables a* and b* express the colour in chromatic coordinates on the red-

green (positive a* - negative a*) and blue-yellow (positive b* - negative b*) scales.

Colour differences between yellowish loess and reddish-brown palaeosols are mainly a
consequence of goethite and hematite concentrations (Ji et al. 2001). The chromaticity values

a* is closely related to the relative abundance of pedogenic hematite (e.g. Lukic et al. 2014).
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2.2.5 Geochemical analysis

The sediment was passed through a 100 mm sieve to remove coarse sand grains, ferruginous
nodules, carbonate concretions and other debris such as calcified roots, mollusc shells and
earthworm calcite granules, which may disturb the results of the geochemical analysis. The
fine fraction <100 mm was ground and pressed into pellets for X-ray fluorescence (ED-XRF)
using a portable Bruker Tracer 5i. Two measurements were taken under vacuum on all
samples, one at 15 kV and 100 pA for 300 s without a filter to quantify light elements (Na, Mg,
Al, Si, P, K, Ti, V, Cr, Mn, Fe) and the other at 50 kV and 35 mA for 120 s with the Cu75, Ti25,
AI200 filter for heavy elements (Ni, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Hf, Pb, Th)
and Ca The instrument was calibrated by use of the CloudCal v3.0 application (Drake, 2018;
https://github.com/leedrake5/CloudCal), using the algorithm proposed by Lucas-Tooth and
Price (1961). The calibration was performed using the geochemical composition of 43 loess
and alluvial samples determined by Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) and ICP-Mass Spectrometry (ICP-MS) at the Service d’Analyse des
Roches et des Minéraux (CRPG-SARM, Nancy, France) according to a previously published
methodology (Bosq et al. 2020a). Only the elements for which the determination coefficient R2
between the analytical results of the ED-XRF and the ICP-AES/ ICP-MS was greater than 0.7
were considered (cf. Figs. A2.16 and A2.17).

A wide variety of geochemical indices based on major and trace elements has been developed
to study dust provenance, grain-size sorting and weathering intensity in European loess (cf.
Bosq et al. 2020a). For the purposes of this study, we focused on the following element ratios
and indices: Ti/Al, Si/Al, CPA, Rb/K, Fe/Al, and Ca/Al. Al is considered here as the invariant
element. Ti, mainly in the form of oxides (anatase, brookite, rutile), forms inclusions in mafic
minerals, especially biotite, which is concentrated in the fine fraction (Young and Nesbitt,
1998). The Ti/Al ratio is used here as an indicator of the homogeneity of the sedimentary
source (Sheldon and Tabor, 2009). The Si/Al ratio is sensitive to grain-size sorting since Si-
rich tectosilicates (quartz, feldspars) are over-represented in the coarser fractions, whereas
Al-rich phyllosilicates constitute a large part of the finer fractions (Bouchez et al. 2012; Liang
et al. 2013; Guo et al. 2018). Weathering indices are based on the selective removal of soluble
and mobile elements (particularly alkali and alkaline earth elements) during pedogenesis
(Nesbhitt and Young, 1982; Buggle et al. 2011). The weathering intensity of silicates was

guantified using the Chemical Proxy of Alteration (CPA) (in molar proportion):

Al;0O3

CPA=100x————
* (A0 + Na;0)

CPA (originally called Chemical Index of Weathering (CIW’) by Cullers, 2000) was considered
a proxy for plagioclase weathering intensity by Buggle et al. (2011). The CPA is particularly
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Figure 2.5: Detailed stratigraphy of the Collias section with the locations of the samples for sedimentological and micromorphological analyses. Curves: low-
frequency mass-specific magnetic susceptibility (xLF) expressed in 106 m3/kg, frequency dependent magnetic susceptibility (xFD) expressed in %, grain-size
parameters (clay, GSI, coarse fraction), colour reflectance (a*), geochemical ratios (Si/Al, Ti/Al, CPA, Rb/K, Ca/Al, Fe/Al). Details on luminescence dating results
(red) are provided in Table 2.2 and on radiocarbon dating results (green) in Table 2.3. The grey bars indicate soil formation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

27



LEMmct Clay (< % um) SUAl  IALOJALO ',P‘:’“" 100] Al
enples Laumgne A Luminescence y (10 m' kg 6 10 14 18 22 26 30 COI:\‘.; 8 sl $ 6 7 8 0 2 2 UNIT
1l - B — ‘ bt sy CC100pm) g L s " ) N . 1
/ A i) 0.0 | ; 0 10 20 88 2
0 e . gy - — 4
| B l AMS MO (kncal. BP) @ ’ -
{modluse shedl) o 2
7506 P '?.
50 + 7 d
l'hiq Fm (BCK) . !
00 179184 & \,
176415 7
V’T . (’ .]‘
MN8+18 (121-126 L4 \
150 " ' ! \) b
Fm &
b e R~ S, . {____
200 ""}""‘" S P TPIR TN ;- g
. T S !
-] PR K 7 > 1 i
€ - 76 % | -
5 - - 3 =
) ' L i
300 TERQU AT T T ey e A e e o -—"J‘L_-- ----
: W34S —
| sjootm, 274 "6 219287 ‘I 1 > 4 = 3 Zalr. W e FA
e P2 ————- - - - B e G peup— - -
so g ?(JP 3420 . i > f_ .} “} K 2 L > S
m 4 C 4 B
i Y 3 » N
400 Fm : 7\' /
S 00Ag  27.7-284 2785-285 T —
a "’ ¥
Fm i -~ V.4
450 G = 1
STEF. 0T £24 =% — 1
s v 29 L X - =Y ] ] [
00 T ] v r T T T 1 E
0 4 & 12 16 20 2 4 6 8 0 40 S0 60 70 -
ey alluvial gravel o v -8 e e r T W
(9, 05 10 |5 v 0 0% R ous 0,55 0.65
722 Aptosiznn. = lamisation o Fe-Ma nodule Grain-Size Index (GSI) TiAl Fe/Al
[T Bt herizon < bouldess - 2, gravel (€52 « 26 pm)y'< 26 pm
[ Ag hosizon @!{‘whund (%] biceurbation
urrows » secomihary catboeate | [0 OSL samples
I B horizom = concretions andiccarbon samples

Figure 2.6: Detailed stratigraphy of the Lautagne section (Lautagne A) with the locations of the samples for sedimentological and micromorphological analyses.
Curves: low-frequency mass-specific magnetic susceptibility (xLF) expressed in 10 m3/kg, frequency dependent magnetic susceptibility (xFD) expressed in %,
grain-size parameters (clay, GSI, coarse fraction), colour reflectance (a*), geochemical ratios (Si/Al, Ti/Al, CPA, Rb/K, Ca/Al, Fe/Al). Details on luminescence dating
results (red) are provided in Table 2.2 and on radiocarbon dating results (green) in Table 2.3. The grey bars indicate soil formation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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adapted to poorly weathered sediments since weathering first impacts plagioclases rather than
K-feldspars (Nesbitt and Young, 1989). Besides the CPA, the K/Rb ratio was used to estimate
the weathering intensity of K-bearing minerals (Nesbitt et al. 1980; Wronkiewicz and Condie,
1990), since K is more mobile than Rb due to its smaller ionic radius. Rb is hosted by K-
feldspars, micas and clay minerals (Heier and Billings, 1970; Nesbitt et al. 1980). As Ca is
essentially hosted by calcite, the Ca/Al ratio allows to evaluate the depth distribution of calcite
along the sequence, in particular the secondary precipitation of calcite of pedogenic origin at
certain profile depths, provided that the contents of plagioclases and primary calcium
carbonate are roughly constant across the profile. The Fe/Al ratio is used to distinguish the B
horizons of soils that are relatively enriched in Fe, due to the formation of immobile iron oxides
such as magnetite (Fes04), hematite (Fe»O3) and goethite (FeO (OH)) (Reimann et al. 2014).

2.2.6 Chronological data

2.2.6.1 Luminescence dating

The two sites Lautagne and Collias were subjects to luminescence dating at the IRAMAT-
CRP2A (Université de Bordeaux-Montaigne) between 2016 and 2019. In both cases, the
samples were extracted under daylight using steel cylinders. In total, we prepared 18 samples
(10 from Lautagne, including 8 from section A and 2 from section B, and 8 samples from
Collias) to extract the fine-grain (4—11 um) (Lautagne) and coarse-grain (90—200 pm) (Collias)
guartz fractions (see Table 2.2).

Additionally, we extracted coarse-grain quartz separates for Lautagne and the K-feldspar
fraction of 2 samples from Collias for cross-checks. The sample preparation was supported by
the luminescence laboratories of the Justus-Liebig University Giessen (Germany) and the
University of Bayreuth (Germany), following routine luminescence dating preparation methods
(e.g. Preusser et al. 2008). The quartz samples were subjects to OSL measurements, applying
the single aliquot regenerative (SAR) dose protocol (Murray and Wintle, 2000). Equivalent
doses (De) were measured on Freiberg Instruments lexsyg research luminescence readers
(Richter et al. 2013), and the data analysis was performed with the R (R Core Team, 2019)
package ‘Luminescence’ (Kreutzer et al. 2012b, 2020). We applied the average dose model
(Guérin et al. 2017b) to samples from Lautagne and the ‘baSAR’ approach (Combés et al.
2015; Mercier et al. 2016) to samples from Collias to calculate the average dose and the central
dose respectively, and their corresponding standard errors. Dose-rate measurements relied
on in situ gamma-dose rate measurements at Lautagne (cf. Lavborg and Kirkegaard, 1974,
Mercier and Falguéres, 2007) and high-resolution gamma-ray spectrometry (procedure at the
IRAMATCRP2A, cf. Guibert and Schvoerer, 1991). In addition, we measured U, Th, K

concentrations for all samples from both sites. The online calculator DRAC (Durcan et al. 2015)
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in version 1.2 provided the final luminescence ages. We detail the luminescence dating,

including further references, in Appendix B.
2.2.6.2 AMS radiocarbon dating

Last Glacial loess-palaeosol sequences (LPS) in southeast France lack organic remains that
can be easily dated by the radiocarbon method. To overcome this problem, recent studies
have been undertaken, which have shown that calcitic biomineralisations such as terrestrial
gastropod shells or earthworm granules can be used to obtained a precise chronology (e.g.
Ujvari et al. 2016b; Moine et al. 2017). The advantage of this approach is that these carbonates
are relatively abundant in loess. In the past, mollusc shells have often been avoided for dating
because large taxa incorporate carbon from the substrate, which causes apparent
radiocarbon-age increases up to several thousand years (Evin et al. 1980; Goodfriend and
Stipp, 1983). However, several studies have shown that this effect is much more limited and
generally negligible for small (<10 mm) gastropods (Brennan and Quade, 1997; Pigati et al.
2010).

Table 2.2: Final dose rates, equivalent doses (De) and luminescence age values of the Collias and

Lautagne A sections. Uncertainties are quoted as 1s, rounded to one digit. Final ages used for this study
are quoted in bold numbers. For more details, see Appendix B.

Sample Laboratory Mineral Depth External dose rate (water  Internal dose rate Degsn. Dexe. Dint. Denv. De Age Posterior calib.
name code COTT.) date ka b2k
5 o o, 5, o (HPD, 95%)
(m) (Gy (Gy (Gy (Gy (Gy (Gy (Gy (Gy Gy (Gy) (ka) From - To

ka') ka') ka') ka') ka') ka') ka') ka') ka)

Collias BDX21322 Q 090 00+0011+0108+0000+0000+0003+0022+0100+£0022+01514+26 238+17 -
Col?iﬂa: BDX21323 Q 160 00+0010+0108+0000+0000+£0002+0019+0100+£0019+01716+70 373+41—
Coﬁf:: BDX21324 Q 230 00+0010+0108+0000+0000+0002+0019+0100+0019+01720+31 385+25—
Coﬁi{;\s( BDX21325 Q 365 00+0009+0007+0000+0000+0001+0017+0100=+0017+01947+53 551+41-
CDII?;:: BDX21326 Q 440 00+0010+0108+0000+0000+0001+0019+0100+0019+0.11068+67 555+44—
Col?it:: BDX21327 Q 530 00+0011+0109+0000+0000+0001+0020+0.100=+0020+0.1169.1=+121828+72—
coﬁg BDX21328 Q 600 00+0013+0110+0000+0000+0001+0024+0100+0024+012124+120871+65 —
Col?it:: BDX21329 Q 680 00+0014+0111+0100+0000+0001=+0026=+0.100=00 2601 2025=+ 141789 +6.7 —
la:t‘:;ne BDX18944 FGQ 073 03+£0111+0107+0000+£0000+£0002+0023+0100£0023+01173+04 75+06 -—
LauAt;gGlE_: BDX18945 FGQ 107 03+0112+0107+0000+0000+0002+0024+0100+0024+01425+20 176+15 16.0-208
lauAt:an% BDX18946 FGQ 147 03+0112+0108+0000+£0000+£0002+0025+0100+£0025+01538+20 218+18 18.8-244
LauAtaFan% BDX18947 FGQ 198 03+0112+0108+0000+0000+0002+0025+0100+0025+01630+25 25121 209-272
I.ALIA[:an% BDX18948 FGQ 235 04+0113+0108+0000+0000+0002+0027+0.100+0027+01648+18 243+19 223-279
lauAt:an% BDX18948 FGQ 318 04+0114+0109+0000+0000+0001+0028+0100+0028=+0.1808+40 285+25 247-314
LauAt;gGlE_: BDX18950 FGQ 353 03+0113+0109+0000+0000+0001+0027+0100+0027+01635+26 233+20 21.3-287
lauAt:an% BDX18953 FGQ 460 04+0115+011120100+0000+£0001+£0030+£0100£0030+0.18934+24 307+24279-343
AFGQ

Q: coarse grain quartz; D, values quotes as mean «+ standard error of the mean.

BAY: coarse grain quartz (90-200 um); D, representing the ‘baSAR’ central dose and the standard error of the central dose.

FGQ: fine grain grain quartz (4—11 pm); D, values quoted as mean + standard error determined with the average dose model.

The final age calculations include the following systematic errors: Dy: 1%, Dg: 1%, Dy: 5% (in situ measurements), D,: 3% (y -ray spectrometry), f-source calibration: 3%,

Ten litres of bulk sediment have been wet sieved on a 425-um mesh. Then, gastropod shells

and earthworm calcite granules were cleaned by ultrasonic treatment and were analysed in
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the following laboratories: (i) the AMS facilities of the Hertelendi Laboratory of Environmental
Studies, Institute for Nuclear Research at Debrecen (Hungary) (Molnér et al. 2013); (ii) the
Radiocarbon dating centre at Lyon (France) within the framework of the ARTEMIS programme
and (iii) the Centre for Isotope Research at Groningen (Netherlands) (Dee et al. 2020).
Conventional radiocarbon ages were calibrated to calendar ages with the IntCal13 calibration
curve (Reimer et al. 2013), using the software Calib in version 7.0.4 (Stuiver and Reimer,
1993). Calibrated ages are reported as age ranges at the 2 sigma (o) confidence level (95.4
%)

2.2.6.3 Bayesian age modelling

In order to obtain a robust chronology of the best-dated sequence (Lautagne A), a Bayesian
age model was built using the software ChronoModel (version 2.0.18) (Lanos and Philippe,
2015, 2017; Lanos and Dufresne, 2019). This software allows the calculation of a posteriori
ages by considering the stratigraphic constraints between the samples. After removal of
outliers, an age model was built for the period 35-15 ka cal. b2k (before the year 2000). We
used the default configuration of Monte-Carlo Markov Chain (MCMC) parameters proposed by
the software (3 chains, 1000 burn iterations, and 500 batch iterations with a maximum of 20
batches, and 100,000 acquisition iterations with a thinning interval of 10). This approach may
result in slightly underestimated age uncertainties because ChronoModel does not yet allow
to specify shared systematic uncertainties. However, given the large uncertainties of the OSL
ages, this potential problem does not affect the overall interpretation of our results. In total, 15
14C and OSL dates were used for establishing the chronology of the section Lautagne A (see
Fig. 2.6). The highest posterior density (HPD, 95 %) of the *C and OSL ages was calculated
according to the method detailed by Banks et al. (2019). The posterior age probability
distributions for each sample are compiled in Tables 2.2. and 2.3.

2.3 Results
2.3.1 Lithofacies and soil horizons

2.3.1.1 Homogeneous loess (Fm)

This lithofacies consists of massive, homogeneous calcareous yellowish brown (10 YR 5/4 to
2.5Y 6/4) coarse silt and fine sand (Fig. 2.7A). Bioturbation features (root channels, burrows)
and secondary carbonate concretions (rhizoconcretions, pseudomycelium) are abundant
(Figs. 2.7, 2.8E and 2.8F, 2.9E and 2.9F). At Lautagne, a platy microstructure due to former
segregation ice lenses (e.g. van Vliet-Lanoé&, 1985) is visible between 1.9 m and 3.2 m depth
(Fig. 2.9G). This lithofacies is dominant in both sections and interpreted as being of aeolian
origin. Due to abundant secondary calcium carbonate, these loess units are designated as Ck
or BCk horizons according to FAO (2006).
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Table 2.3: AMS radiocarbon ages of samples from the sections Collias and Lautagne A (calibration by
use of IntCall3 according to Reimer et al. 2013). Final ages used for this study arequoted in bold
numbers.

Sample name Laboratory code Depth Material C(aBP) Unmodeled'C (a cal. BP) Posterior calib. date (a b2k)

(m) (species) (1o) (2a) HPD (95%)
Min - Max From - To

Collias - 70/90 DeA-21816 0.800 shell (P. muscorum) 11078 + 49 12805—-13067

Collias - 90/100 DeA-21817 0.950 shell (P. muscorum) 13683 + 61 16268—-16785

Collias - 150/160 DeA-21818 1.550 shell (P. muscorum) 23996 + 123 2775428369

Collias - 220/230 DeA-21819 2.250 shell (P. muscorum) 31515 + 214 3489435917

Lautagne A - 50/60 Ly-51291 0.550 earthw. calcite granules 8560 + 35 94899554 -

Lautagne A - 90/100 DeA-18280 0.950 shell (P. muscorum) 14893 + 64 17876—-18355 1795518347

Lautagne A - 95/100 GrA-68030 0.975 earthw. calcite granules 19250 + 90 22918-23486 -

Lautagne A - 140/150 Ly-51292 1.450 earthw. calcite granules 9490 + 40 1059111069

Lautagne A - 140/150 DeA-18281 1.450 shell (P. muscorum) 10486 + 48 12138-12575

Lautagne A - 190/200 Ly-51293 1.950 earthw. calcite granules 12530 £ 50 14420-15111 -

Lautagne A - 200/210 DeA-18282 2.050 shell (P. muscorum) 20527 + 108 24358-25112 24410-25159

Lautagne A - 240/250 DeA-19359 2.450 earthw. calcite granules 18134 £ 73 21765-22253 -

Lautagne A - 240/250 DeA-19423 2.450 earthw. calcite granules 19929 + 81 23722-24234

Lautagne A - 250/260 Ly-51294 2.550 earthw. calcite granules 17200 + 70 20534-20969

Lautagne A - 270/275 GrA-68028 2725 earthw. calcite granules 14790 + 70 1779118216

Lautagne A - 280/290 Ly-51295 2.850 earthw. calcite granules 14970 + 60 1798218372 -

Lautagne A - 280/290 GifA18096.1 2.850 shell (P. muscorum) 23260 + 120 27302-27724 27334-27712

Lautagne A - 280/290 GifA18096.2 2.850 shell (P. muscorum) 23140 + 130 2718427667 2726927678

Lautagne A - 320/330 GifA18097.1 3.250 shell (P. muscorum) 23040 £ 150 27068-27624 2722827746

Lautagne A - 320/330 GifA18097.2 3.250 shell (P. muscorum) 24280 + 150 2794128670 2785728563

Lautagne A - 335/340 GrA-68027 3375 earthw. calcite granules 22040 + 110 25989-26551 -

Lautagne A - 380/390 DeA-19360 3.850 earthw. calcite granules 19656 + 80 2342023949 -

Lautagne A - 410/420 GifA18098.1 4.150 shell (P. muscorum) 24110 £ 160 27800-28535 2790528559

Lautagne A - 410/420 GifA18098.2 4.150 shell (P. muscorum) 23940 £ 160 27695-28381 2782428484

Lautagne A - 415/420 GrA-68026 4175 earthw. calcite granules 22400 + 110 26329-27095 -

Lautagne A - 440/450 DeA-19361 4.450 earthw. calcite granules 21077 £ 90 25181-25659

Lautagne A - 440/450 DeA-19424 4.450 earthw. calcite granules 19561 £ 75 23287-23853

2.3.1.2 Bedded calcareous sandy loess (Fh)

This facies consists of regularly alternating sandy and light yellowish-brown silty (2.5Y 6/4)
beds with lenses of small subangular limestone fragments (Fig. 2.8B). The lenses are ca 1 cm
thick and generally up to 1 m wide (Fig. 2.7B). This lithofacies is interpreted as loess mixed

with local coarser material, redistributed by overland flow.

2.3.1.3 Massive loess colluvium (Dmm)

Massive brown coarse silty deposits, containing scattered gravels, and characterised by poor
sorting, greater porosity and few charcoal fragments, are interpreted as colluviated loess (Figs.
2.5,2.7B and 2.8A).

2.3.1.4 Ploughed topsoil horizon (Ap)

The topsoil horizon at Lautagne contains bricks, pottery and charcoal fragments and results

from the reworking of loess caused by agricultural practices during the Holocene.

2.3.1.5 Buried topsoil horizons with redox features (AQ)

Five units in the section Lautagne A consist of thin (10-20 cm), slightly bleached (2.5Y 6/4 to
2.5Y 5/6), calcareous silt with scattered small Fe-Mn nodules. Their boundaries are sharp and
show deformations due to stretching downslope (Fig. 2.7E). These horizons are characterised
by (i) bleaching resulting from hydromorphic processes (iron reduction and removal from the
horizon); (ii) a slightly finer texture compared to the underlying loess; (iii) weak staining by

organic matter and (iv) abundant carbonate concretions.
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These units, which often overlie BC horizons, are interpreted as topsoil Ag horizons, indicating
seasonal waterlogging (FAO, 2006) that have been deformed by slope dynamics after burial,

probably in a periglacial context, possibly by solifluction.
2.3.1.6 Brown Bwk and BC horizons

These horizons are characterised by moderate weathering as indicated by (i) a higher
proportion of clay; (ii) a brown colour (10 YR 5/6 to 10 YR 6/6) related to the formation of iron
oxides; (iii) partial dissolution of carbonates associated with carbonate precipitation in the
underlying horizon. The Bwk horizon underwent strong secondary accumulation of calcite
forming large rhyzoliths, which justifies the addition of the suffix -k. Poorly developed (incipient)
horizons showing a range of features otherwise typical of Bw horizons are here referred to as

BC horizons.

2.3.1.7 Rubefied Bw and Bwk horizons

Yellowish red (5 YR 4/6) to reddish brown (7.5 YR 4/6), compact calcareous clayey silt units,
exhibiting a massive or prismatic to blocky structure, are interpreted as rubefied Bw horizons.
Bioturbation (burrows and roots) is abundant, and black Fe-Mn hypocoatings cover many ped
faces (Fig. 2.9D). There is no microscopic evidence of clay illuviation (e.g. clay coatings, clay
papules) (Fig. 2.8C). Decalcification of the groundmass is complete, while some channels are
filled by slightly calcareous loessic sediment. Secondary carbonate impregnations are also

visible.

2.3.1.8 Calcrete (Ckm horizon)

At Collias, the redistribution of CaCOs3 led to the formation of an indurated laminar crust and
vertical rhizoconcretions more than 10 cm long at the bottom of the profile, designated as Ckm
horizon (Fig. 2.7A and C).

2.3.2 Stratigraphy

The section Collias comprises five main stratigraphic units, from bottom to top (Figs. 2.5 and
2.7):

e Calcrete (Ckm horizon) overlain by rubefied Bw and Bwk horizons, forming a
pedocomplex referred to as S1;

o Bedded calcareous sandy loess (L1L2), 2.5 m thick, with bioturbation and diffuse lower
boundary;

e Brown Bwk horizon (L1S1), 0.5-0.6 m thick, whose upper boundary is an erosional
surface;

e Colluvium (0.2 m) overlain by 2.8 m thick primary loess (L1L1);
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Figure 2.7: A, B) Photographs of the main lithofacies of Collias with luminescence ages. C) Close-up
view of the erosional surface above the rubefied pedocomplex (S1) exposed in a roadcut approximately
100 m from the Collias section; D) Overview of the Lautagne section (Lautagne A) during archaeological
excavations; E) Detail of the deformed incipient palaeosol (P2) of Lautagne (Lautagne B). Photograph
A were taken by D. Sauer, Photographs B—E were taken by M. Bosq.

e Holocene brown Cambisol (S0), about 1 m thick, predominantly composed of material
that has been reworked and translocated in the course of agricultural land use and

terracing of the above land (presently used as olive plantation).

The loess sequence at Lautagne (Fig. 2.6) covers Pleistocene gravels that were reached at a
depth of 5.3 m during the archaeological excavation. Three main units (I-1ll) were distinguished:

e Reddish colluviated loess, up to 0.5 m thick (L1S1);
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e Sandy, calcareous loess, 4.7 m thick (L1L1), including three incipient palaeosols (P3,
P2 and P1), each consisting of an Ag-BC profile;
e Holocene Luvisol (S0), locally preserved from erosion due to agriculture within Gallo-

Roman pits, and with a ploughed topsoil (Ap horizon).

2.3.3 Analytical data: magnetic susceptibility, colourimetry, grainsize and geochemistry
An overview of the main physical and chemical properties of the two sequences is provided in
Figures 2.5 and 2.6. Both sections are characterised by large GSlI fluctuations with maximum
values in the bedded loess at Collias (between 4.15 m and 4.50 m depth) and in the
homogeneous (primary) loess at Lautagne A (at 3.15-3.30 m depth). The proportion of the
coarse fraction (>100 mm) ranges from 6.3 % to 34.8 % at Collias and reflects slope material
inputs mixed with aeolian dust and/or pedogenic carbonate concretions. The variations in low-
frequency magnetic susceptibility (xLF) coincide with lithofacies changes in both sequences.
The highest values (xLF 2 0.4 10° m3/kg) are found in palaeosol horizons while the lowest
values are typical of primary loess (L1L1) and bedded loess (L1L2), except for the Bwk horizon
L1S1 at Collias that has relatively low XLF values (between 0.25 and 0.39 x 10 m3/kg). L1S1
has also xFD values above 10 %, indicating in situ neoformation of superparamagnetic (<0.03
mm) pedogenic particles. The lack of correlation between xLF and xFD values suggests that
larger ferrimagnetic minerals (MD and SD) have little or no contribution to increased magnetic
susceptibility.

A correlation exists between magnetic susceptibility and other proxies such as clay content
and chromaticity a*. The highest values of chromaticity a* range between 5.6 and 13.5 and are
associated with clay contents higher than 25 %, especially in the pedocomplex S1 at Collias.
At Lautagne A, the BC horizons are characterised by relatively high a* values (24), and an
increase in clay content. In contrast, a* values and clay contents decrease in homogeneous

loess (on average 8-14 % clay at Lautagne A and 9-19 % clay at Collias).

In both sequences, the element ratio Ti/Al is almost constant, with values between 0.07 and
0.09, indicating stable and homogeneous sediment sources. The Si/Al ratio covariates with
CSl and increases significantly in loess while it decreases in palaeosol horizons, which reflects
enrichment in aluminosilicates (clay minerals) in the latter. Plagioclase and K-feldspar
weathering, represented by CPA and Rb/K, respectively, is more intense in B and BC horizons
than in underlying loess. The weathering indices record maximum values in S1 with a CPA of
about 96 and a Rb/K ratio of 63. Ag horizons exhibit higher concentrations of K-bearing

minerals than BC horizons, which is related to the presence of illite in the fine fraction.
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Figure 2.8: Photographs of selected thin sections (6.5 cm x 3.0 cm) of the Collias (A, B and C) and
Lautagne (D, E and F) sections. A) Brown Bwk horizon around 320 cm depth — channel microstructure
with scattered rock fragments showing thin, clayey silt coatings (M3). B) Calcareous sandy loess (L1L2)
around 400 cm depth - 3 cm to 5 cm thick beds of sand and silt, massive to channel microstructure with
abundant secondary calcite impregnations; few scattered Fe/Mn nodules (M4). C) Rubefied Bw horizon
around 680 cm depth — subangular blocky macroaggregates (one to several centimetres in diameter)
with completely decalcified reddish groundmass, diffuse Fe/Mn nodules and coatings. At the base of the
thin section, loose discontinuous infillings with disintegrated excrements of enchytraeids or collembolas
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(M8). D) L1L1 loess near the top of the sequence - channel to vughy microstructure with complex
packing voids and large abundant loose infillings of voids by disintegrated excrements (M8). E)
Homogenous loess (L1L1) around 260 cm depth -poorly developed subangular blocky structure with
carbonate impregnations. In places platy microstructure, partly destroyed by bioturbation (M4). F) Ag
horizon around 280 cm depth - massive microstructure with weakly impregnated orthic Fe-hydroxyde
nodules (M3). Abbreviations: cap = clayey silt capping, cc = carbonate coating, ci = carbonate
impregnation, e = organo-mineral excrements, inf = infilling, lo = amorphous Fe-Mn hydroxides, n = Fe-
Mn nodule, pl = platy microstructure, R = rock fragment. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

2.3.4 Variation in grain-size distribution and end-member modelling

The grain-size distribution of all samples is polymodal, with the main mode around 60—70 um
(Fig. 2.10A and B). The EM modelling algorithm is able to distinguish three components (EM-
1, EM-2 and EM-3) that explain well the observed variability in grain-size distribution (R? >0.9
for 95 % of the samples analysed, i.e. 248 out of a total of 261).

EM-1 is characterised by a unimodal distribution with the main mode at 68 um (Fig. 2.10C).
This subpopulation explains 49.2 % of the variance at Lautagne and 19.3 % at Collias
respectively. EM1 is interpreted as coarse particles that were transported by wind, through
saltation and short-term suspension at very low altitude during storm events (Tsoar and Pye,
1987; Vandenberghe, 2013).

EM-2 has a roughly bimodal distribution with one mode in the medium silt fraction (45 um) and
another in fine silt (16 pum). It represents 40.3 % of the variance at Collias and 33.0 % at
Lautagne A. The coarse mode (45 um), common in loess deposits, involves short-term
transport over greater distances than EM-1 (Pye, 1995; Muhs and Bettis Ill, 2003; Li et al.
2018). Recent observations in China showed that dust of the same grain-size mode (~40 pm)
is collected 10 m above the ground during spring and early summer (Sun et al. 2003). The
finest mode (16 um) corresponds to dust transported through long-term suspension in the
atmosphere at high altitude (tens to hundreds of metres above the ground (Sun et al. 2003).
Observations in the Célé oasis (China) showed that these two components (45 um and 16 pm)

could derive from a single local source (Lin et al. 2016).

EM-3 is poorly sorted and has a polymodal distribution with the main mode of 183 um and
three minor modes (82 pm, 15 um and 3 pm) (Fig. 2.10C). EM-3 explains 40.4 % of the
variance at Collias and 17.8 % at Lautagne A. The presence of medium to coarse sand and
poor sorting indicate mixing of materials from different sources (in surface horizons especially
by agricultural practices) and the addition of autochthonous materials into the aeolian
sediments by slope processes. EM-3 has probably a polygenic origin (aeolian and colluvial).
Fine grains (~3.0 um mode) are represented by a tail in the grainsize distribution curves of all
three subpopulations (Fig. 2.10C). This tail is sometimes considered as an artefact (Nottebaum
et al. 2015), and is reported in most European and Asian loess deposits (Vandenberghe,

2013). The fine patrticles could indicate long-term suspension transport in the atmosphere
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(“continuous background dust”) (Sun et al. 2002). Alternative hypotheses include: (i) fine
particles transported by wind as aggregates (Ujvari et al., 2016a); (i) clay adhesion on coarser
grains (Qiang et al. 2010) or (iii) pedogenic processes (Bronger and Heinkele, 1990; Sun et al.
2000). Both sequences show the same overall pattern of EM distribution (Fig. 2.11), i.e. glacial
loess deposits are dominated by the coarse component (mainly EM-1), whereas interglacial
and interstadial palaeosol horizons are dominated by the fine component (EM-2). Topsoils and

bedded loess that have undergone reworking are characterised by a higher EM-3 score.

2.3.5 Chronological data

2.3.5.1 Luminescence ages

Table 2.2 lists the luminescence ages for the two sections. Additional information is provided
in Appendix B.

2.3.5.2 Luminescence characteristics and equivalent doses

All investigated quartz samples showed overall acceptable brightness and reproducibility
(Appendix B). However, compared to the samples from Collias, the quartz fine grain (ca 10°
grains per aliquot) samples from Lautagne appeared rather dim, and additional tests on the
coarse grain fraction (ca 102 grains per aliquot) were not continued due to the low signal

intensity.

Collias and Lautagne, showed broad D. distributions but without any obvious pattern. In the
case of the samples from Collias this scatter may reflect poor bleaching, dose rate
heterogeneities and/or sediment mixing. The presumed short transport distance from the
Rhéne Valley may not have yielded a full luminescence signal depletion. More likely, however,
post-depositional mixing in conjunction with multiple short-distance erosion and deposition
events occurred. Slope-wash and/or creep processes are evidenced by sand-sized and even
fine-to medium-gravel sized particles, particularly in the L1L2 unit and the colluvial layer at the
bottom of L1L1 at Collias (Fig. 2.5). Syn- and post-sedimentary bioturbation is also likely to

have been involved.

For the samples from Lautagne (Fig. B2.24), the scatter is rather large for fine grain quartz
samples with ca 106 grains per aliquot and the expected averaging effects. However, the inter-
aliquot scatter is dominated by the individual errors. Thus, these aliquots represent a common

central dose.
2.3.5.3 Dose rate results

Th and K concentrations are comparable for the sites Collias and Lautagne (Appendix B). In

both sites, the Th and K concentrations show a trend towards higher values in the lower Bw
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Figure 2.9: Microfacies details of selected samples from Collias (A, B, C and D) and Lautagne A (E, F,
G and H) sections (see Figs. 2.4 and 2.5) (plane-polarized (PPL)). A) L1L1 loess around 90 cm depth -
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dense incomplete micritic infillings and hypocoatings, and loose infilling of channels by porous organo-
mineral microaggregates (M1). B) Brown Bwk horizon around 320 cm depth - earthworm granule
showing radially arranged sparite crystals (M3). C) Calcareous sandy loess (L1L2) around 400 cm depth
- calcite hypocoating around channel (M4). D) Rubefied Bw horizon around 680 cm depth — Fe-Mn
hypocoatings and quasicoatings (M8). E) L1L1 loess around 110 cm depth - earthworm granules (M7).
F) Homogenous loess (L1L1) around 170 cm depth - calcitic impregnation (M6). G) Homogenous loess
(L1L1) around 260 cm depth - platy microstructure (M4). H) Ag horizon around 280 cm depth - crescent
fabric in silty groundmass, resulting from bioturbation by soil mesofauna (M3). Abbreviations: ci =
carbonate impregnation, e = organo-mineral excrements, eg = earthworm granule, Hc = calcite
hypocoating, lo = amorphous Fe-Mn hydroxides. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

horizons (potential Th adsorption on clay patrticles). We found radioactive disequilibria in the
U-decay chain at both sites. However, the onset of these disequilibria could not be determined,

leading us to calculate an average value of the U concentration (see Appendix B).
2.3.5.4 Luminescence ages results

The OSL ages obtained for the loess deposits at Collias range from ~100 ka to ~25 ka. Age
inversions overlap within uncertainties and are not considered significant. While the general
pattern is similar for ages calculated as mean * standard error of the mean (Fig. B2.29,
displayed in blue) and those using the ‘baSAR’ modelling approach (Fig. B2.29, displayed in
red), the Bayesian approach leads to significantly older ages in the lower part of the section.
Nevertheless, given the luminescence ages and D. values close to commonly accepted
saturation values for quartz luminescence measured in the UV wavelength region, an age

underestimation cannot be excluded, and the values must be interpreted cautiously.

The OSL ages obtained for the loess of the Lautagne A sequence range from 31.1 + 2.4 ka to
7.5 £ 0.6 ka, and the ages are stratigraphically consistent within uncertainties (Fig. B2.30).
Figure 2.6 shows that the OSL estimates are consistent with the radiocarbon ages obtained
from gastropod shells. Only samples BDX18944 (7.5 + 0.6 ka) and DeA-18281 (12.1-12.6 ka
cal. BP) appear significantly underestimated and were not considered in the Bayesian age
model. We assume that these young ages reflect an admixture of recent soil material through

bioturbation.
2.3.5.5 Radiocarbon ages

A total of 27 radiocarbon dates were determined from unit L1L1, including 23 at Lautagne A
and 4 at Collias (Table 2.3).

At Lautagne A, the ages from Pupilla muscorum shells appear to be consistent with the
stratigraphy and the OSL ages (Fig. 2.12B), while those from earthworm calcite granules show
major stratigraphic inversions and younger ages (Table 2.3). The inconsistency of the latter

can be explained by the following factors:
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(i) lack of precise identification of the earthworm species that secreted these granules.
Canti and Piearce (2003) show that some species (e.g. Apporrectodea icteria) deposit
their granules at some depth, unlike other species (Lumbricus terrestris or L. rubellus)
which preferentially release them on the soil surface. According to these authors,
granules larger than 0.4 mm (i.e. the sieve mesh used in this study) can be produced
only by a few earthworm species (mostly the genus Lumbricus). However, this
statement needs to be confirmed as this study was based on current populations in the
UK that are known to have smaller body sizes than those in more southerly latitudes,

which acted as refuge areas during glacial period (Mathieu and Davies, 2014);

(i) post-depositional movements resulting in granule redistribution along the soil profile.
Earthworms commonly transport surface material (coarse sand, leaves, twigs) to the
basal chamber of their burrows that can be located at up to 2 m depth (Canti, 2007).

Syn-sedimentary bioturbation by roots may have been also involved.

Consequently, the ages from earthworm granules were excluded from the analysis to build the
age-depth model of the sequence. However, only two dates (Ly-21291 and Ly-51292) among
the 14 dates obtained from earthworm granules from the primary loess units yielded post-
glacial ages. Thus, although the granules were not in a correct stratigraphic location, they
provide reliable information on the age of loess deposition as a whole. Therefore, the ages
obtained from Lautagne A (Table 2.3) and other loess sections (Table 2.4) were kept to

calculate the age distribution of the Rhone Valley loess (see section 2.4.5).
2.3.5.6 Collias

The sediment from the upper part of the S1 pedocomplex yielded ages (1 o) between ca 87.1
+ 6.5 ka and 82.8 + 7.2 ka (Fig. 2.12A), suggesting that it was deposited during the Early
Glacial. The lower loess (L1L2) was deposited between 82.8 + 7.2 ka and 55.1 + 4.4 ka, i.e.
during the Lower Pleniglacial (~MIS 4—very beginning of MIS 3), and the upper loess (L1L1)
between 38.5 ka and <23.8 ka, during the Upper Pleniglacial (late MIS 3—-MIS 2). The Bwk
horizon (L1S1) corresponds to the Middle Pleniglacial (~MIS 3). Discrepancies between 4C
and OSL ages at the top of L1L1 prevent an accurate estimation of the end of loess

sedimentation.
2.3.5.7 Lautagne A

According to a posteriori ages, the L1L1 loess of Lautagne A (4.60 m-0.95 m depth)
accumulated between ~31 ka and 18 ka (Fig. 2.12B), during the Greenland Stadials GS-5.2 to
GS-2.1 (Rasmussen et al. 2014). This period was interspersed with the Greenland Interstadials
GI-5.1 to GI-2.1, favourable for the genesis of palaeosols. As suggested by the age-depth

model provided by ChronoModel, the incipient Ag-BC palaeosols within the L1L1 loess likely
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correlate with the interstadials. The 95.4 % confidence interval of the a posteriori ages (27.6—
27.2 ka and 27.7-27.3 ka obtained for the most developed palaeosol P2 overlaps with the
interstadial GI-3. With less certainty, P1 may be correlated to GI-2 and P3 to Gl-4.

2.4 Discussion
2.4.1 Eemian interglacial and Early Glacial pedocomplex (S1)

The basal pedocomplex S1 at Collias is characterised by intense reddening, high clay content,
chemical weathering, decalcification and precipitation of secondary carbonates in the
underlying horizon, forming an indurated Ckm horizon (Fig. 2.5). Fe-Mn hypocoatings on the
ped faces suggest occasional waterlogging (Figs. 2.8C and 2.9D). These characteristics are
typical of red Mediterranean soils and testify a forest environment with strong seasonal

moisture contrast leading to reddening (Yaalon, 1997; Fedoroff and Courty, 2013; Durn et al.
2018a).
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Figure 2.10: Grain-size distribution of the samples from Collias (A) and Lautagne A (B). The upper limits
of the grain-size classes used here are: 8 um for clay and 56 pum for silt. C) Endmember modelling
results of the grain-size dataset of both sections. The main modes of the three end-members were
determined by parametric curve-fitting using the R package ‘mixdist’ (Macdonald and Du, 2015).
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Considering the uncertainties associated with the OSL ages (82.8 + 7.2 ka and 87.1 + 6.5 ka),
the material, in which the upper Bwk horizon of the pedocomplex formed, is attributed to the
Early Glacial (MIS 5a-d). The underlying Bw and Ckm horizons can thus be correlated with the
Last Interglacial (Eemian, MIS 5e) (Figs. 2.5 and 2.12A).

2.4.2 Lower Pleniglacial colluvium and bedded calcareous sandy loess (L1L2)

The Lower Pleniglacial started with the emplacement of loessic colluvium, comprising
scattered gravel and reddish lenses containing charcoal fragments (Fig. 2.6). The colluvium

reflects reworking of the red Interglacial/Early Glacial Bw horizons exposed along the slope.

Then, increased aridity and wind intensity led to the deposition of coarse-grained calcareous
loess that has been redistributed and sorted by slopewash during rainstorm and/or snowmelt
(Figs. 2.6 and 2.11A). The coarse texture indicates abundant sand transport from the sources,
probably from the bed of the Rhéne River (Bosq et al. 2020a) since the particle size of the
aeolian deposits becomes coarser towards this river (Fig. 2.4B). The presence of lenses of
calcareous rock debris (Figs. 2.7A and 2.7B) indicates active frost weathering of limestone
outcrops. Slopewash during rainstorms or snowmelt during summer are thought to be the main

factor involved in the deposition of these lenses.

The OSL ages around 55 ka (BDX21325: 55.5 + 4.4 ka and BDX21326: 55.1 + 4.1 ka) suggest
that loess deposition took place during late MIS 4 and/or the very beginning of MIS 3 (Fig.
2.12A). These periods are characterised by an increase in dust concentration in the Northern
Hemisphere records, including the Greenland ice record (NGRIP; Ruth et al. 2003) and the
Eifel Laminated Sediment Archive (ELSA) lake record in Germany (Seelos et al. 2009; Sirocko
et al. 2016).

2.4.3 Middle Pleniglacial brown Bwk horizon (L1S1)

The brown Bwk horizon shows slight dissolution of carbonates, increased clay content and an
increase in the concentration of pedogenic ultrafine magnetic grains. The lack of significant
variation of weathering indices (CPA, Rb/K) indicates moderate silicate weathering (Fig. 2.5).
Large rhizoliths formed below due to carbonate leaching and reprecipitation. The carbonate
rhizoliths within the brown horizon must result from an interplay between pedogenesis and
moderate loess accumulation rates. Thereby, the loess input led to an upward movement of
the soil surface and addition of primary carbonates, whereas pedogenesis involved leaching
of these fresh inputs and accumulation of secondary carbonates within the lower part of the
brown horizon (Fig. 2.7B). Thus, this brown Bwk horizon implies a decrease (possibly
multiphased) in loess sedimentation and a moister climate favourable to the development of

vegetation. The soil has been truncated by erosion and covered by colluvial material.
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Figure 2.11: Contribution of the three end-members and coefficient of determination (R?) for each

sample from the sections Collias (A) and Lautagne A (B).
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According to our chronological data, the soil to which the truncated Bwk horizon belonged
formed between 55.1 + 4.1 ka and 38.5 £+ 2.5 ka (Fig. 2.12A), i.e. within a long interval during
MIS 3.

Table 2.4: AMS radiocarbon ages of loess samples from other locations in the Rhdne Valley (calibration
by use of IntCall3 according to Reimer et al. 2013).

Unmodeled ¢ a

Sample name Laboratory code  Material 14C(@aBP)(10) cal.BP(20) Reference
Min - Max

Lautagne B - 105/100 GrA-68025 earthw.calcite granules 13250 + 60 15722-16134 this study
Lautagne B - 165/160 GrA-68024 earthw.calcite granules 17000 + 90 20221-20763 this study
Lautagne B - 260/255 GrA-68023 earthw.calcite granules 15340 + 70 18440-18775 this study
Mauves Sud 1 Ly-14666 earthw.calcite granules 26870 + 250 30651-31284 this study
Mauves Sud 2 Ly-14667 earthw.calcite granules 29370 + 350 32698-34171 this study
Saint-Paul-les-Durance 3 Ly-14670 earthw.calcite granules 22880 + 160 26776-27536 this study
Saint-Paul-les-Durance 4 Ly-14671 earthw.calcite granules 13030 + 60 15324-15827 this study
Collias 5 Ly-14668 earthw.calcite granules 27540 + 720 30976-31918 this study
Saint-Désirat 2 Ly-14669 earthw.calcite granules 21500 + 140 25542-26043 this study
Saint-Péray 3 Ly-15407 earthw.calcite granules 19490 + 100 23112-23784 this study
Sathonay 1 Ly-15408 shell (S. oblonga) 20020 + 100 23809-24360 this study
Sathonay 2 Ly-15409 shell (S. oblonga) 22630 + 140 26543-27316 this study
Soyons 1 Ly-15410 shell (S. oblonga) 18660 + 90 22344-22769 this study
Soyons 2 Ly-15411 shell (S. oblonga) 27220 + 230 30876-31456 this study
Bouzil Ly-390/AA-23353 charcoal 23570 + 200 27390-28031 Bazile (2007)
Mirabeau 11 Po0z-17284 charcoal 11420 + 140 13040-13547 Ollivier (2006)
Géménos-Aubagne AA-16474 charcoal 32230 + 490 35023-37596 Magnin (2014)

2.4.4 Upper Pleniglacial loess (L1L1)
2.4.4.1 Loess deposits

The L1L1 loess reaches more than 2 m thickness at Collias and 4 m at Lautagne A (Fig. 2.7).
Similar homogeneous yellowish, up to 5 m thick loess deposits were observed in many

outcrops along the Rhdéne Valley (Bosq et al. 2018).

They share common characteristics with the loess of the southern part of the Carpathian basin
(e.g. Antoine et al. 2009b; Bokhorst et al. 2009; Markovi¢ et al. 2009; Novothny et al. 2011),
including (i) coarse texture, (ii) lack of well-developed palaeosols; (iii) absence of structures of
periglacial origin (ice-wedge pseudomorphs, soil wedges) except for platy microstructure; (iv)
absence of laminated deposits of niveo-aeolian origin such as those commonly observed in
NW Europe (Antoine et al. 2016; Lehmkuhl et al. 2016; Zens et al. 2018) and (v) abundant

syn-sedimentary bioturbation.

The EM-1 subpopulation, which is predominant in the samples from Lautagne A (Fig. 2.11B),
indicates a relatively limited transport distance, in the order of a few kilometres to tens of
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kilometres. This fraction originates from the Rhoéne riverbed, where the particles derived from
the AIS were subjected to deflation. Riparian vegetation was probably involved in the trapping
of wind-transported particles (e.g. Bosq et al. 2018).

The GSI peaks are interpreted as reflecting periods of increasing wind carrying capacity
(Vandenberghe et al. 1985; Antoine et al. 2009a; Schirmer, 2016). According to the
chronological data of Lautagne (Fig. 2.12B), the highest GSI values occurred during GS-3 and
GS-4, whereas they slowly decreased during GS-2.1 (Fig. 2.6).

2.4.4.2 Incipient palaeosols

Weakly developed palaeosols (P1 to P3) are visible within the L1L1 loess at Lautagne A (Fig.
2.6). The Ag horizons are finer-grained than primary loess. They exhibit hydromorphic features
and low organic matter content. The abundant carbonate concretions are interpreted as
resulting from secondary carbonate precipitation during the accumulation of overlying loess,
favoured by the finegrained texture. The BC horizons have higher clay content, slight

carbonate depletion and a slightly darker and reddish colour.

Their genesis indicates short periods of decrease or cessation of loess sedimentation due to
milder climate. The hydromorphic features in the topsoils can be explained by two hypotheses,

which are not mutually exclusive:

(1) The soils developed during a period of climatic improvement associated with
increased precipitation and snow accumulation. Waterlogging in the topsoil resulted from snow
cover and subsequent snowmelt above still frozen ground that did not allow for meltwater
infiltration. Permafrost was absent in the southern part of France during the coldest periods of
the Pleistocene (Andrieux et al. 2016) and waterlogging occurred only during limited periods

each year.

(2) Reducing conditions in the topsoil horizon occurred upon burial, as a consequence
of soil organic matter degradation by soil microorganisms. Unlike the humic horizons described
in the loess sections of continental Eastern Europe (e.g. Veres et al. 2018), soil-forming
conditions in less continental regions led to the formation of poorly condensed organic matter
with low “black carbon” content (Schmidt and Noack, 2000; Eckmeier et al. 2007;), which was

less resistant to degradation.

2.4.5 Regional chronology

In addition to the ages obtained in this study, we compiled the ages available for the loess
deposits in southeast France from the literature to assess the chronology of the main regional
sedimentation phases. Overall, 21 OSL dates on quartz and 43 *C dates on gastropod shells,

earthworm granules and charcoal were selected (Tables 2.2-2.5). The age distribution was
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calculated using the Kernel Density Estimation (KDE) (Vermeesch, 2012), which helps to

identify how ages cluster. The clusters provide a chronological estimate of the main periods of

dust accumulation, assuming that sampling was equally distributed throughout the loess

sequences. Although the analysis must be considered preliminary because of the limited

number of available dates (N = 64), the comparison of the KDE graph with the modelled AIS

volume (expressed in metres of sea level equivalent) (Seguinot et al. 2018) together with the

Rhine (Preusser et al. 2011) and the Tagliamento (Monegato et al. 2007) glacial systems for

which robust chronological constraints are available on the one hand, and the dust

concentration recorded in the NGRIP ice core (Ca?* in ppb) on the other hand, lead to the

following conclusions (Fig. 2.13):

Table 2.5: OSL ages of loess samples from other locations.

Sample name Laboratory code  Material Age Reference
ka(1lo)
Les Croisieres - UPS30 GdTL-1878 Quartz (125-200 ym) 12.0+0.5 Varennes et al. (2015)
Les Croisieres - UPS9 GdTL-1877 Quartz (125-200 pm) 12.2+0.8 Varennes et al. (2015)
Garons ZAC MitraV - PR116 GdTL-2839 Quartz (45-63 pm) 27.0+15 Laroche et al. (2020)
Favary - PR1109 GdTL-2190 Quartz (45-63 pm) 12.7+0.7 Thirault et al. (2020)
Lautagne B - OSL8 180 cm  BDX18951 Quartz (4-11 pm) 263+2.2 This study
Lautagne B - OSL9240 cm  BDX18952 Quartz (4-11 um) 234+18 This study
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Figure 2.13: A) Total AIS volume through the Last Glacial cycle (100-10 ka) from a recent simulation
using the Parallel Ice Sheet Model (PISM) with climate forcing derived from WorldClim and the ERA-
Interim reanalysis (Seguinot et al. 2018). Modelled ice volume is expressed in meters sea level
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equivalent (m s.l.e.). Fluctuations of the Rhine (red) (Preusser et al. 2011) and Tagliamento (purple)
(Monegato et al. 2007) glaciers. B) Kernel Density Estimation (KDE) of ages for the OSL- and
radiocarbon-dated loess from the Rhéne Valley (this study, Ollivier, 2006; Bazile, 2007; Magnin, 2014,
Varennes et al. 2015; Laroche et al. 2020; Thirault et al. 2020). The KDE bandwidth used is 2.5 ka. C)
NGRIP Ca2+ curve over the last 100 ka according to the revised Greenland Ice Core Chronology
(GICCO05) proposed by Rasmussen et al. (2014). The chronological intervals for the Younger Dryas (YD)
period and Heinrich Events (HES) are depicted in blue. They are taken from Sanchez Goiii and Harrison
(2010). The chronological limit of each MIS is also taken from Sanchez Goiii and Harrison (2010). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

(1) For the period before ca 40 ka, only a few dates (N = 5) are available, which suggests weak
dust accumulation. Surprisingly, no age falls with certainty into MIS 4, a cold period that was
marked by substantial AlS development. The reason behind remains unclear (weak deposition,

subsequent erosion, loess recycling?).

(2) For the Upper Pleniglacial, the age distribution shows an approximate synchronicity
between loess deposition and AIS fluctuations. The peak of loess ages at 28-24 ka, i.e. GS-
3, coincides with the maximum AIS volume (26—23 ka, Preusser et al. 2011; Luetscher et al.
2015; Monegato et al. 2017; lvy-Ochs et al. 2018; Seguinot et al. 2018) and the highest CSI
values. This period includes Heinrich Event 2 (HE-2, Sanchez Gofii and Harrison, 2010), which
was responsible for cold and arid conditions on the European continent (Fletcher et al. 2010;
Duprat-Oualid et al. 2017).

(3) During the late Last Glacial Maximum (late LGM) (ca 23-19 ka, Clark et al. 2009), the AIS
entered a recessional phase and lost 80 % of its volume at 17.5 ka (lvy-Ochs et al. 2008;
Monegato et al. 2017). Following the deglaciation during GS-2, a significant glacial re-advance
(not visible in the simulation) occurred during the Gschnitz stadial at 17-16 ka, in response to
the HE-1 cooling (Ivy-Ochs et al. 2006, 2008; Ivy-Ochs, 2015). Accordingly, the age density
decreases sharply during GS-2, while aeolian accumulation may have resumed somewhat

during HE-1. Overall, GSI values gradually declined over this period.
(4) The aeolian activity persisted until the Younger Dryas cooling (GS-1) at 12.9-11.7 ka.

These preliminary results suggest that the peak of dust accumulation in the Rhéne Valley was
concomitant with the maximum AIS extension. The link between these two phenomena could
reside in the modulation of the amount of glacially abraded fine particles by the advances and
retreats of the ice sheet. These particles, which were transported by the Rhéne River and its
tributaries, and then remobilised by deflation, formed the main source of dust as shown by
Bosq et al. (2020a).

Therefore, glacier dynamics was probably the primary factor influencing loess deposition,
whereas millennial climate fluctuations (HESs), including periods of enhanced dryness and

associated changes in vegetation acted as a modulator of the primary signal.
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2.5 Conclusions

The high-resolution multi-proxy sedimentological and chronostratigraphical analysis of two

loess sections in the Rhone Valley allow to draw the following conclusions:

(1) A~8 mthick loess record of the Last Climate Cycle is preserved at Collias. Loess deposition
occurred during the Lower and Upper Pleniglacial (L1L2 and L1L1). The loess overlies a thick
red pedocomplex (S1) developed during the Last Interglacial and the Early Glacial, similar to
those observed elsewhere in southern and southeastern Europe (e.g. Fedoroff and Courty,
2013; Durn et al. 2018a). A brown Bwk horizon (L1S1) developed during the Middle
Pleniglacial. In the Lautagne section, the ~5 m thick loess deposits provide a detailed record

of the Upper Pleniglacial.

(2) The chronological data (AMS *C and OSL) show that the main phase of loess deposition
(L1L1) corresponds to the stadials GS-5 to GS-2. The loess is coarse, calcareous and is
interspersed with three incipient palaeosols at Lautagne A. These palaeosols are correlated
with the Greenland Interstadials Gl-4 to GI-2.

(3) At a regional scale, the numerical ages obtained on the upper loess (L1L1) range between
ca 38.5 ka and 12 ka with a main peak at 28—24 ka, which coincides with the maximum AIS

advance.

At a European scale, the aeolian systems composed of coversands and loess formed
disconnected geographical units, each characterised by specific regional environmental
conditions (i.e. regionally varying temperature, precipitation, and vegetation). It thus seems
plausible that the phases of aeolian accumulation were not strictly synchronous across Europe,
because the controlling factors (i.e. sediment availability, soil moisture, permafrost) varied
considerably, both in time and space. This hypothesis remains, however, to be studied in more

detail.
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Figure A2.14: A) WNW-ESE topographic cross-section of the left bank of the Rhéne River Valley
highlighting the fluvial terraces according to the 1:50.000 geological map (http://infoterre.brgm.fr/) and
the location of Lautagne profiles (A and B) (topography according to Google Earth Pro 2018). B)
Stratigraphic correlations between the two profiles Lautagne A and B (palaeosols P1, P2 and P3 are
shown in grey colour).
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Figure A2.15: (A) Correlation coefficient (R?) and (B) angular deviation goodness-of-fit statistics for
various numbers of end members provided by grain size modelling. The red crosses represent outlying
specimens (i.e. specimens that lie outside of the 95 % coverage interval).
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Figure A2.16: Energy-Dispersive X-Ray Fluorescence (ED-XRF) data were obtained on pressed pellets
made of 97 % of ground sediment and 3 % of specific XRF wax, with acquisition parameters set to 15
kV, 100 pA and 300 s of counting time. Quantitative results are provided for 11 light elements (Na, Mg,
Al, Si, P, K, Ti, V, Cr, Mn, Fe) following an empirical calibration based on the Lucas-Tooth and Price
(1961) method, using the ICP-AES/ICP-MS composition of 30 samples of loess and surficial sediments
measured at the SARM-CRPG (Carignan et al. 2001). Only elements with a coefficient of determination
(R?) equal or greater than 0.7 between ED-XRF and ICP-AES/ICP-MS values were considered.
Calibration was performed wusing the CloudCal v3.0 application (Drake, 2018 ;
https://github.com/leedrake5/CloudCal).
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Figure A2.17: Energy-Dispersive X-Ray Fluorescence (ED-XRF) data were obtained on pressed pellets
made of 97 % of ground sediment and 3 % of specific XRF wax, with acquisition parameters set to 50
kV, 35 pA and 120 s of counting time with a filter composed of 75 um Cu, 25 um Ti and 200 um Al.
Quantitative results are provided for 16 heavy elements (Ni, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Ba, La, Ce,
Nd, Hf, Pb, Th) and Ca following an empirical calibration based on the Lucas-Tooth and Price (1961)
method, using the ICP-AES/ICP-MS composition of 43 samples of loess and surficial sediments
measured at the SARM-CRPG (Carignan et al., 2001). Only elements with a coefficient of determination
(R?) equal or greater than 0.7 between ED-XRF and ICP-AES/ICP-MS values were considered.
Calibration was performed using the CloudCal v3.0 application (Drake, 2018 ;
https://github.com/leedrake5/CloudCal).
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Figure A2.18: Age model of Lautagne A section used for Bayesian modelling in the software
ChronoModel. Seven OSL dates (red boxes) and eight 14C (green boxes) dates were used. Stratigraphic
relationships between events are indicated with black lines.

Appendix B

Note: We prepared the following text intending to be comprehensible without switching back
and forth between this document and the main text. The text in the main text represents an
extract of what is detailed here, and partly phrases are identical in both documents. This
situation happens for phrases first drafted in the Appendix and then being recycled for the main
text without deleting the original text here. However, this was intentional; otherwise the text
here would have become a stump, left behind intelligible.
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B 1 Details luminescence dating
B 1.1 Material and methods
B 1.1.1 Sampling and preparation

Samples were collected during daylight using steel-cylinders (diameter ca 4 cm, length ca 20
cm). Sample preparation was carried out in three different luminescence dating laboratories:
(1) Justus-Liebig University Giessen, Germany (samples from Lautagne), (2) the University of
Bayreuth, Germany (samples from Collias), and (3) IRAMAT-CRP2A, Université Bordeaux
Montaigne, France (etching, other post-treatment). The sample preparation followed standard
luminescence sample preparation procedures to extract (1) fine grain (4—11 um) quartz, (2)
coarse grain (90-200 um) quartz, and (3) coarse grain K-feldspar bearing separates (e.g.
Preusser et al. 2008). The grain-size fraction was extracted by wet-sieving and gravimetric
separation using Atterberg cylinders (fine grain fraction). Further treatments involved HCI (10
%) and H20- (30 %) to remove organic sand carbonates, respectively. The fine grain quartz
fraction was extracted using H:SiFs (30 %). The coarse grain fraction was further treated with
lithium heteropolytungstate(LST) and sodium heteropolytungstate (NST) heavy liquids with
densities of 2.72 g cm™ for separating heavy minerals, and 2.58 g cm™ for separating quartz
and feldspar. To further purify the quartz enriched fraction and to remove the zone affected by
a-particles the samples were further treated with HF (40 %, 1 h) and afterwards rinsed in HCI

(10 %; overnight) and distilled water. The coarse grain feldspar fraction was not further etched.

To account for potentially poor bleaching characteristics, additionally we prepared the coarse-
grain quartz fraction for two samples from the site Lautagne. However, due to the very dim
luminescence characteristic of the quartz grains from Lautagne, only ca 10 % of the aliquots
produced a sufficient amount of light above the machine background. Therefore we continued

only with the quartz fine grain fraction.

For luminescence measurements, the aliquots were mounted on stainless steel cups using
silicon oil as adhesive. Cups were prepared as multiple grain aliquots with ca 106 grains for

the fine grain fraction (1 mg/cup) and ca 800 grains for the coarse grain fraction.

B 1.1.2 Measurement equipment

The samples from Lautagne and Collias were measured over two years on two Freiberg
Instruments lexsyg research readers (Richter et al. 2013) equipped with a *°Sr/*°Y B-source
delivering ca 6.6 Gy min™* (calibrated for quartz on stainless steel cups using Risg calibration

guartz Batch 90; Hansen et al. (2015); fine-grain calibration see below).

For optically stimulated luminescence (OSL) measurements, the systems were equipped

either with LEDs (blue, IR) or laser diodes (blue, IR) (sample related settings see Table B2.6.
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We consistently used the laser diodes for the fine grain samples from Lautagne and the LEDs
for the coarse grain samples from Collias and Lautagne. IR stimulation was applied to test for
potential feldspar contamination. The OSL signal was detected through a Hoya U340 (2.5 mm)
glass filter in conjunction with a Delta BP 365/50 EX interference filter in front of a Hamamatsu
H7360-02 photomultiplier tube (PMT).The system used for the infrared-radiofluorescence (IR-
RF) test measurements, is similar to the system used by Frouin et al. (2017). Key components:
Freiberg Instrumentslexsyg research reader with a °°Sr/*°Y B-source (ring-source design,
Richter et al. 2013), Hamamatsu H7421-50 photomultiplier tube, Chroma D850/40 interference
filter, and inbuilt solar simulator.

B 1.1.3 Source calibration fine-grain quartz (Lautagne)

The inbuilt B-source used for the irradiation fine grain quartz samples from Lautagne was
calibrated using a coastal dune quartz sample (BDX16651) from the Médoc area (south-west
France) (Kreutzer et al. 2018a). The sample was first gently crushed, and the grain-size
fraction of 4—11 ym was extracted by applying the Stokes’ law. Before irradiation, the material
was heated to 700 °C in air and additionally tested for feldspar contamination using IRSL. Two
batches of the sample were shipped for irradiation to the Gif-sur-Yvette laboratory and
irradiated with a y-dose of 2.5 Gy (rel. SE: 3 %) and 5 Gy (rel. SE: 3 %). The irradiation was
carried out using a homemade irradiator equipped with a **’Cs y-source (Valladas, 1978). The
source is a ring consisting of six single circularly arranged *’Cs sources with the sample

placed in the centre.

All two batches were measured, and the source-dose rate was deduced from the slope of the
regression line of the measured vs the given dose. The so obtained source-doserate (0.107 +
0.005 Gy s™ at calibration date) of the quartz fine-grain fraction is ca 5.5 + 5.2 % lower than
the corresponding source dose rate of the coarse (100-200 um) grain quartz fraction on the
same reader. This grain size-related deviation in the source-dose rate is lower than results
reported by Armitage and Bailey (2005) (ca 12 % deviation between the two grain-size

fractions). However, our results are consistent within uncertainties.

B 1.1.4 Quartz measurements protocol

For measuring the quartz samples, we applied the single aliquot regenerative (SAR) dose
protocol by Murray and Wintle (2000). The measurement parameters (preheat and cutheat
temperatures) were deduced from preheat-plateau test (natural samples) and preheat dose-
recovery tests (artificially irradiated samples) carried out on (1) three coarse grain quartz
samples from Collias (BDX21322, BDX21326, BDX21329) and (2) two fine-grain quartz
samples from Lautagne (BDX18948, BDX18953). The results of these tests are shown in Figs.

B2.19, B2.20. For the samples from Collias we applied a preheat cutheat combination of 260
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°C and 200 °C, and for 200 °C and 160 °C for the samples from Lautagne. The used protocol
settings are summarised in Table B2.6. We measured up to 40 aliquots per sample for Collias

and up to 20 aliquots for Lautagne.

For all measurements, we applied a channel resolution of 10 channels/s. Integration limits were
set to channels 1-2 (signal) and channels 300-399 (background). Before every subsequent
measurement step, the temperature was cooled down to 60 °C (preheat, cutheat, OSL). For
potential feldspar contamination of the quartz, the fraction was tested using IRSL stimulation
at the end of each SAR cycle. The dose given before the IRSL stimulation was similar to the
one used for the repeated OSL regeneration dose point, and both signals were compared.
Aliquots were rejected if the IRSL/OSL signal ratio was >5 %. Further rejection criteria:
Recycling ratio: max. £ 10 % (Lautagne: 20 %), max. recuperation rate: 10 %. For the fitting of
the dose-response curve, we used an exponential + linear function.

Table B2.6: SAR protocol settings applied for measuring the quartz fraction of the samples from Collias
and Lautagne.

# | Sequence step Detection
Collias l Lautagne I

1 Irradiation (regeneration dose) - =

2 | Preheat to 220°C for 10s | Preheat to 260°C for 10s | -

3 | blue-OSL@125°C for 40s at 50 mW em™* temp. stabilisation 5s | J

4 Irradiation (test dose) -

5t Cutheat to 200°C | Cutheat to 160°Cs | -

6 | blue-OSL@125°C for 40s at 50 mW em ™= temp. stabilisation 5s j S

7 Hotbleach@280 °C | - l

Heating rates were set to 5 K/s (preheat and OSL)

The stimulation wavelengths were set to 458 A 5nm (Collias) and 445 A 3nm (Lautagne).

B 1.1.5 Feldspar measurements

For two samples from the profile Collias (BDX21322 and BDX21329) we measured the coarse
grain K-feldspar fraction using infrared radiofluorescence (Trautmann et al. 1998, 1999) in
conjunction with the RF70 protocol suggested by Frouin et al. (2017).

B 1.1.6 Data analysis

Luminescence data analysis was carried out using the R (R Core Team, 2019) package
‘Luminescence’ (Kreutzer et al. 2012b, 2020). Other used R package are cited at their
appropriate location below. For dose rate and age calculation, the software DRAC (Durcan et
al. 2015) in version 1.2 was used; for applied settings cf. Table B2.7. For calculating the central
dose (D) for the samples from Collias we used the approach by Combes et al. (2015)

implemented in the R package ‘Luminescence’ by Mercier et al. (2016) (analyse baSAR()).
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The average dose (samples Lautagne) followed the approach by Guérin et al. (2017b)

(function calc AverageDose ()

in the R package ‘Luminescence’).

Table B2.7: DRAC settings applied for the luminescence age calculation. For details on the meaning of
the parameters, we refer to the online reference manual of DRAC. For all settings and data see the
DRAC input table provided as supplement.

Parameter DRAC input APPLIED? Reference
Diose rate conversion factors Guerinetal20ll to all wérin et [ ]
Calc. extern. Rb from K cone.? T Clollins & Lautagne lahl {1987}
Cale. internal. Rb from K conc.? Y Collias (feld=par) (1957)
Internal U (ppm) (guartz) 0.08 | 0.02 Clollias & Lautazne i A=)
Internal Th (ppm) [gquartz) 0.18 | 0.03 Collins & Lantagne i (%]
Internal K (%) (feldspar) 12.5 | 0.5 Collias (feldspar) I (1997}
[F-etch depth attenuation factor Ballla7g Clollias (quartz) tell (1 I
[F-prain size atienation Guerinetal2012-0 Collins & Lantagne rin [ 24|
E-grain sige attennation Guerinetal 2012-F Collias (feldspar) : (22)
a-graln size attenuation Brennanetall®al to all ' (1991
a-elliciency guartz fine grain 0.035 | 0.01 Lautagne (2002}
g-cfficiency feldspar TR-RF 0.07 | 6.02 Collias [ feldspar) [ <k
Coamic-dose rate 43.95 | 4,78 | 100 Collias Hutton {(1994)
Cosmic-dose rate 44.9 | 4.9 | 178 Lautagne i { 1994)
BOX21322 BONZ1322
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Figure B2.19: Boxplot of preheat dose-recovery test (left) and dose-recovery test (right) results for three
coarse grain quartz samples from Collias. For each sample measured we measured six (left figure,
preheat-plateau test) or ten (right figure, dose-recovery test) aliquots. For all experiments the cutheat
temperature was kept at 200 °C. The given dose (dose-recovery experiments were set to the expected
De for each sample. For the final De measurements we selected a preheat temperature of 220 °C.
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Figure B2.20: Preheat plateau tests (left) and dose-recovery tests (right) for two fine grain quartz
samples from the upper (BDX18984) and the lower (BDX18948) part the profile Lautagne. Three
aliquots were measured for each preheat temperature. The cutheat temperature was kept at 160 °C.
Within uncertainties the different preheat temperatures are similarly suitable. For the final De
measurements we selected a preheat temperature of 200 °C.

B 1.1.7 Dose-rate determination

Nuclide concentration

To estimate the U, Th and K nuclide concentrations high-resolution y-ray spectrometry
measurements were carried out at the IRAMAT-CRP2A (Guibert and Schvoerer, 1991) on ca
80 g to 90 g of the dried fraction sampled along with each luminescence sample. Data analysis

was performed using a self-written MS ExcelTM sheet.

In situ y-ray spectrometry

For the site Lautagne we, additionally to the high-resolution y-ray spectrometry in the
laboratory in situ, employed in situ y-dose rate measurements using a portable y-ray

spectrometer (Canberra Inspector 1000, 1.500 x 1.500 , LaBr probe). Final y-dose rates were
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derived applying the threshold approach (principle described in Lgvborg and Kirkegaard 1974;
Mercier and Falguéres 2007; Guérin and Mercier, 2011).

Water content

To estimate the water content range needed to calculate the luminescence ages, we adopted
an approach reported in Sauer et al. (2016) (their supplementary 2, sect. 2.1 and attached
XLS-files). Based on the granulometric composition Sauer et al. (2016) calculated a
meaningful water content range based on the pore volume distribution given in Blume et al.
(2010) for sands, silts and clays. The data given by Blume et al. (2010) distinguishes between
coarse, medium and fine pores. Sauer et al. (2016) considered fine pores as constantly water
saturated, while the coarse pores are, only occasionally filled by rainwater, assumed empty.
Hence, the uncertainty in the water content is determined by the medium pores alone,
considering the pore volume for the silt fraction (Fig. B2.21; cf. Table B2.8). For sample
BDX212329 we used a slightly higher water content of 20 % to account for the slightly higher
clay concentration.
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Figure B2.21: Ternary diagram showing granulometric classes of the samples according to Shepard
(1954) for samples from Collias (A) and Lautagne (B). For Lautagne grain size data are only available
for the first eight samples. The figure was produced using the R package ‘rysgran’ (Gilbert et al. 2014).
The grain size data were used to estimate realistic water content values for the samples using pore
volume data. The grain size data were measured at the PACEA (Université de Bordeaux) using a Horiba
LA-950 laser particle size analyser. For Lautagne no grain-size data are available for the samples
BDX18952 and BDX18953. For these samples, we assumed similar granulometry as for the other
samples. For further and more detailed information on the grain size, please see the main text.

B 1.2 Results
B 1.2.1 Luminescence measurements and De determination

All investigated quartz samples show suitable luminescence characteristics in terms of

brightness and reproducibility (see Fig. B2.22 for typical OSL curves from Collias and

Lautagne). Nevertheless, samples from Lautagne appeared to be rather dim. Luminescence
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measurements on the coarse-grain fraction even failed (data not shown) due the very low
luminescence intensity of the samples. Furthermore, samples from both sites show a rather
larger inter-aliquot scatter (Figs. B2.23, B2.24) already observed previously by (Bosq et al.
2018, their supplement) for two quartz samples taken from a quarry close to Avignon. A pattern

that might render itself typical for the samples from the Rhéne Valley.
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Figure B2.22: Typical luminescence curves obtained during the SAR measurements for samples
BDX21326 (quartz coarse grain, Collias, A-C) and BDX18944 (quartz fine grain, Lautagne, D-E).
Shown are cutheat TL curves (A, D), blue OSL shine-down curves (B, E), and dose-response curves
(C, F). Vertical dashed lines (middle plot) show the chosen integration limits for signal and background,
respectively.

Collias. The distribution plots for Collias and Lautagne (Figs. B2.23, B2.24) show no obvious
pattern but a large dispersion. In the case of the samples from Collias this scatter may reflect
poor bleaching, dose rate heterogeneities and/or real sediment mixing. At Collias, the
additionally measured feldspar aliquots (BDX21322 and BDX21329) exhibit De values
significantly higher than obtained for the quartz fraction (Fig. B2.25). Required bleaching times
are longer for feldspar measured with IR-RF (ca 3 h for a full reset; Frouin et al. 2017) than for
guartz OSL (e.g. ca 100 s even on a cloudy day Lindvall et al. 2017). Thus the presumed short
transport distance in the Rhéne Valley may not have yield a full signal depletion for the feldspar
fraction and also the quartz fraction may be affected. More likely, however, appears a post-
depositional mixing in conjunction with multiple short-distance erosion and deposition cycles.
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Such slope-wash and/or sediment-creep processes are evidenced by sand-sized and even
fine- to medium-gravel sized particles in the sediment-soil sequence at Collias (e.g. between
250 cm and 500 cm; Fig. 2.5). Furthermore, originating from the palaeo-soil-horizons former
root channels reach deeply into the underlying units. This affects especially the units from 300
cm downwards. In the upper part of the lowermost Bt horizon (650-720 cm) up to 40 % by
area are made up of dominantly light-coloured silty root infillings within the clayey-loamy solum.
Without separation of these two components, numeric dating will inevitably lead to age
underestimation. Next to these post-depositional pedogenic and bioturbation processes, the
above addressed pre-depositional sedimentary processes most likely led to age

overestimation.

The true origin of the scatter at Collias cannot be deciphered, but it appears to be of different
origin than for the samples from Lautagne (see below). The Abanico plots (Fig. B2.23) indicate
a substantial overdispersion in each sample. Moreover, the D, values range from ca 50 Gy
(BDX21322) to ca 172 Gy (BDX21328), and the samples BDX21327-BDX21329 reach a dose
region where signal saturation of the fast-component dominated OSL signal in UV wavelength
region (detection) have been reported (e.g. Roberts, 2008), and doubts have been raised on
the overall reliability of the SAR protocol for those samples (e.g. Duller, 2007). Heydari and
Guérin (2018) investigated different statistical models regarding the variability and
reproducibility in a laboratory controlled experiment for a given dose close to saturation and
concluded that the approach proposed by Combés et al. (2015) allows a correct recovery of a
known central dose even for largely dispersed samples. While the distribution displayed in Fig.
B2.23 refer to a data analysis using the conventional approach, all samples were re-analysed
using the function analyse baSAR() (cf. Mercier et al. 2016) to calculate the central dose D
(example curves: Fig. B2.26). Further parameter settings: distribution = "normal",
fit.method = "EXP+LIN", n.MCMC = 10000.

Lautagne. For the samples from Lautagne (Fig. B2.24), the scatter is rather large for fine-grain
quartz samples with ca 10° grains per aliquot and the expected averaging effects. However,
the inter-aliquot scatter is dominated by the individual errors (nearly all points lay within the
grey 20 polygon, Fig. B2.24). In other words, these aliquots represent a common central dose.
For the samples from Lautagne, we decided to apply the average-dose model (Guérin et al.
2017b) to determine the best central dose and its standard error. The intrinsic overdispersion
value om (parameter sigma m in the function calc AverageDose ()) deduced from the

dose-recovery experiments was set to 0.1. Results are listed in Table B2.9.
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Figure B2.23: Dose distribution plots (here Abanico plots, Dietze et al. 2016) for all coarse grain quartz
samples from Collias. All samples show a rather large dispersion.
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Figure B2.24: Dose distribution plots (here Abanico plots, Dietze et al. 2016) for all fine grain quartz
samples from Lautagne. All samples show a large dispersion. However, due to the significant individual
standard errors, almost all aliquots fall within the 2o range of the central dose of each sample.
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Figure B2.25: D. distribution plots for the feldspar samples BDX21322(left) and BDX21329 (right)
measured using the IR-RF. Both samples show consistent D¢ values reflected by the narrow distributions
(the individual statistical standard errors are even lower, and likely too small). However, in both cases
the resulting ages overestimate the corresponding quartz ages, probably due to an insufficient signal
resetting during the presumed short distance sediment transport.
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Figure B2.26: Example trace and density plots for sample BDX21327 generated from the output of the
function analyse baSAR() while calculating the central equivalent dose. The lower plots (‘sigma_D’)
show the dispersion of the individual doses around the central dose. Colours code Monte-Carlo Markow
Chains (MCMC).

B 1.2.2 Dose rate results

High-resolution y-ray spectrometry results (Table B2.8) reveal Th and K concentrations
comparable for the sites Collias and Lautagne. The concentration values ranges from Th: ca
7.7-14.2 ppm (Collias) and 7.8-11.0 ppm (Lautagne) and K: ca 0.9-1.4 % (Collias) and 1.0—
1.3 % (Lautagne). In both sites, the Th and K concentrations show a trend towards higher
values in the lower part of the profile where the Bt/Bw horizons are more extensively developed
(potential Th aggregation on clay particles). For both sites, we observed radioactive
disequilibria in the U-decay chain. Figure B2.27 compares normalised equivalent 23U
concentration values deduced from pre- and post-Ra nuclides. In Collias the lowermost three
samples are in secular equilibrium, while all other samples show higher U-concentrations when
determined from post-Ra nuclides. The y-ray spectrometry measurements from Lautagne

render a similar picture, except that at Lautagne all samples show a radioactive disequilibrium.

It appears that those disequilibria are higher at the top of the profile than at the bottom of the

profile indicating a (near) surface water circulation dominated process. Figures B2.28A and B
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display theoretical equivalent U-values derived from each measured nuclide. The figure exhibit
two peculiarities for a scenario of Ra excess. In the figure from Collias (Fig. B2.28A) the Ra
excess occurred rather recent (<10 ka) and a secular equilibrium with daughter nuclides did
not (yet) take place (the alternative interpretation would be 2°Pb leaching due to rainfall).
Figure B2.28B (Lautagne) shows a similar picture but for a secular equilibrium with the
daughter nuclides of ??°Ra. Results of the variance test (data are not shown) as suggested by
Guibert et al. (2009) further support the hypothesis of a Ra excess in both profiles. For Collias
and Lautagne, the geochemical alteration induced variance is in both cases significantly higher
for post-Ra equivalent U-concentrations. Nevertheless, the onset and duration of the
disequilibria cannot be determined beyond doubt. Thus, for calculating the dose-rate values
used for the age calculation (Table B2.9) we calculated a mean U concentration derived from,

both, from nuclides from the upper part of the U decay chain and the lower part (cf Table B2.8).

For the samples from Lautagne, the y-dose rate was obtained via in situ measurements and
not from the mean U concentration. In summary, the environmental dose rate (Denv.) varies for

both profiles between ca 1.7 Gy ka to 3 Gy ka™.
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Figure B2.27: Normalised 238U plots to check for potential radioactive disequilibria after Guibert et al.
(2009) in the samples from Collias (A) and Lautagne (B). Except for the three lowermost samples, all
samples of the site Collias show a radioactive disequilibrium in terms of higher post-Ra derived 238U
concentrations. The samples from the site Lautagne render a very similar picture with all samples
showing a radioactive disequilibrium.
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Table B2.8: High-resolution y-ray spectrometry results and applied water content.
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Figure B2.28: Nuclide concentration plots for one sample from Collias (A) and Lautagne (B) exemplifying
the encountered radioactive disequilibria. In both cases, the equivalent U concentration obtained from
pre-Ra nuclides results in lower values than equivalent U concentrations obtained from post-Ra
nuclides. The presumed leaching of 21°Pb is not relevant in the considered time frame.
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B1.2.3 Luminescence ages and interpretation

The final luminescence ages are displayed in Figs. B2.29 and B2.30 for Collias and Lautagne,
and numerical results are listed in Table B2.9. Full details for all scenarios are provided as
additional supplement (DRAC CSV-file). In both figures, age based on extreme dose-rate
scenarios considering equivalent U values derived from pre-Ra and post-Ra nuclides are

visualised using a diamond.

In Collias, all samples were taken from a single profile wall. All ages increase with depth (Fig.
B2.29 displays samples order by their stratigraphy), but appear to reach a plateau in the lower
part of the profile (BDX21327-BDX21329). The outer age margins are ca 25 ka (top) and 100
ka (bottom).Age inversions overlap within uncertainties and are not considered significant.
While this pattern is similar for ages calculated as mean % standard error of the mean
(displayed in blue) and using the ‘baSAR’ modelling approach (displayed in red), the Bayesian
approach leads to considerable older ages in the lower part of the profile. Nevertheless, given
the luminescence age and De values close to commonly accepted saturation values for quartz
luminescence measured in the UV wavelength region, an age underestimation cannot be
excluded and ages must be interpreted cautiously. Unfortunately, the IR-RF age results
(samples BDX21322 and BDX21329; K-feldspar fraction) appear to suffer from insufficient
signal bleaching. BDX21322 exhibits an age roughly two times as old as the age from the
guartz fraction. In Fig.B2.29 the age result of sample BDX21329 is even off-scale and not

shown in the plot.

Additionally, the cause of the aforementioned broad D. distributions either due to poor
bleaching during the periods of geomorphic activity in the first place, and/or secondary
sediment mixing during the periods of geomorphic stability and pedogenesis, remain
unresolved. Thus the OSL ages (see below) for Collias provide an important first estimate for

the site, but should not be over-interpreted

At Lautagne, samples were taken from two different profiles in close vicinity and ages are
displayed in two different age-depth plots (Figs. B2.30A-B). Ages range from ca 7.5 ka (top)
to 31 ka (bottom) and increase slightly with depth. It appears that samples BDX18949 and
BDX18950 show an age inversion, which is repeated in a similar stratigraphic (not similar
depth) in the second profile (Fig. B2.30). Therefore, it is likely that both age inversions refer to

a similar transportation process at the site of Lautagne.
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Figure B2.29: The graph shows quartz and feldspar luminescence ages stratigraphically ordered for the
profile Collias. Red symbols show luminescence ages for which the central dose was obtained using
model baSAR’. Other ages plotted as quoted in the legend. The IR-RF age of sample BDX21329 is off
the scale (>125 ka; cf. Table B2.9). The red diamonds indicate minima and maxima ages for the two
dose-rate scenarios taking into account the equivalent U concentration obtained from pre-Ra and post-
Ra. Samples BDX21327-BDX21329 did not show a radioactive disequilibrium. Error bars show a 2o
interval.
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Figure B2.30: Age-depth plots of the fine grain quartz ages of the site Lautagne. Shown are mean ages
and standard errors of the mean using the average dose model (20). The samples originate from two
separate at the site Lautagne and are thus presented in two separate plots (A, top) and (B, bottom). The
diamonds indicate the limits for the extreme dose-rate scenarios (equivalent U determined from pre-Ra
and post-Ra).
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Table B2.9: Final dose rates, equivalent (De) and age values .Standard errors are quoted as 10, rounded
to one digit. Final ages taken for this study are quoted in bold numbers. For full details see the

supplementary DRAC CSV-file.
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Abstract

Palaeosol horizons in loess-palaeosol sections (LPSs) serve as valuable palaeoenvironmental
archives. Here, we present new insights of the LPS Collias (-Wood) and three nearby
complementary sections, i.e., Collias-North, Collias-North_D112 and Collias-South_D112
situated in the southern, Mediterranean Rhone Rift Valley, SE France. The identified soil and
sediment horizons were analysed for colour, particle-size distribution, carbonate content, and
major element concentrations to apply geochemical indices. The MIS 5 soil-complex
comprises of a truncated Chromic Luvisol, including a thick petrocalcic layer for the Eemian
and several overlaying cambic horizons formed during the Early Glacial. For the MIS 3, a
truncated brown Cambisol with large, elongated, vertically oriented calcium carbonate nodules
and long, brown tongues defined as root-related biopores, was identified. The MIS 4 and 2
sediments display varying weathering intensities from yellow-olive C and BC horizons during
MIS 4 to (yellow)-brown BC horizons during MIS 2. Considering possibly erosion, the Holocene

Cambisol is assumed to originate from less recent precipitation as the assumed more humid
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conditions for the MIS 5e and the interstadial phases of the MIS 3. The comparison with the
Mediterranean LPS of NE Spain (Ebro Valley), Italy and NW Croatia (Po Valley) suggested
similar major soil formation conditions during the Last Interglacial and Glacial period. However,
less pronounced climatic shifts in terms of numbers of soil horizons especially during the MIS
3 at Collias, may indicate more stable and possible humid climate conditions in the southern
Rhéne Rift Valley.

Keywords: Loess, Palaeosols, Palaeoenvironment, Rhone Rift Valley; Mediterranean

3.1 Introduction

Palaeosol horizons in loess sections are important sources for better understanding
palaeoenvironmental dynamics of the glacial-interglacial cycles. The modification of loess by
pedogenic processes and their resulting properties can be interpreted as indicators (proxies)
of former climatic conditions and their changes (Kemp, 2001). Thus, intensely developed soil
horizons may indicate phases of comparably warm and/or moist conditions with a relatively
stable land surface while less or no soil formation may signify cold and/or arid/dry climatic
conditions with a geomorphologically more unstable landscape surface. Moreover, it is
possible to connect pedo-features (e.g. size and position of secondary carbonate nodules, Fe-
Mn nodules), the moisture regimes (e.g. active layers, ice wedges, sand wedges,
redoximorphic features) and biogenic remains (e.g. former root channels, earthworm faeces)
together with primary sedimentary facies characteristics (e.g. gravel contents) of the palaeosol
horizons to the respective prevailing palaeoconditions. However, differentiating between the
factors climate and time, when trying to reconstruct the extent of soil formation, is a well-known
problem in palaeopedology (Catt, 1991; Kemp, 2001). However, in connection with a reliable
chronostratigraphy, the identified soil characteristics can be correlated with known regional
palaeoclimate conditions to understand their effects on the local soil formation, moisture

regimes and erodibility, and to identify their patterns of change.

Understanding past-climatic changes is crucial for regions, which are highly vulnerable to
expected future climate changes, like the Mediterranean region. The Mediterranean is
regarded as a hot-spot of responsiveness by projections of future climate change (Giorgi and
Lionello, 2008). So far, expected future changes comprise a possible increase in precipitation
intensity and a raise of extreme temperatures, and resulting geomorphic processes like, e.g.,
slope wash (Goubanva and Li, 2007). However, the Mediterranean is a highly diverse region
(e.g. geology, topography, vegetation) and thus shows great spatial climatic and
palaeoenvironmental variability on a sub-regional level. Presently, the Mediterranean region is
located in a transition zone between a subtropical desert climate to the south (northern Africa)
and a humid-temperate climate to the north (central Europe) (Lionello et al. 2007). Slight

northward shifts of the atmospheric circulation zones, accompanied by increased anticyclonic
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circulation (Azores), as predicted for the end of the 21% century, may result in higher
temperatures especially during the summer, and less humidity for the northern Mediterranean
especially in summer (and for the southern Mediterranean especially in winter) (Giorgi and
Lionello, 2008; Lionello and Scarascia, 2018). Mean annual precipitation (MAP) will be higher
in the north-eastern Mediterranean, compared to the north-western regions (Lionello et al.
2007). For soil forming processes not only the annual amount but also the seasonal distribution
of precipitation as well as the precipitation concentration and number of arid months are
leading factors, which determine the variety of existing soil types (e.g. Calcisol, Cambisol,

Luvisol) in the sub-humid Mediterranean area (Yaalon, 1997).

(Palaeo-)soil horizons with varying thicknesses in loess and loess-like sediments of the
northern Mediterranean region are distributed along the foothills of major mountain ranges
(Alps, Pyrenees, Pre-Alps, Apennines) along coast lines, on islands and in large (river) basins
(Rhodenburg und Sabelberg, 1973; Brunnacker, 1974; Brosche und Walther, 1977;
Cremaschi, 1990a, 1990b; Giinster, 1999; Rose et al. 1999; Bognar et al. 2003; Ferraro, 2009;
Wacha et al. 2011a, 2011b, 2018; Wagner et al. 2014; Boixadera et al. 2015; Cremaschi et al.
2015; Zerboni et al. 2015; Boretto et al. 2017; Constantini et al. 2018; Wolf et al. 2018, 2019;
Zhang et al. 2018). Documentations of loess-palaeosol sections (LPSs) and corresponding
palaeosol studies in SE France were carried out already in the beginning and middle of the
last century by Marcelin (1926), Suen (1934), Tricart (1952), Mazenot (1956, 1957), Bourdier
(1958), Alimen (1965), Bonifay (1965) and, more recently, by Franc et al. (2017) and Bosq et
al. (2018, 2020a, 2020b). Early observations of LPS at Collias, southern Rhéne Rift Valley
(SE-France), identified two major loess deposits, intercalated by one reworked soil and
underlain by a soil complex, but disagreement exists to which interglacial phase the complex
belongs (Tricart, 1952; Mazenot, 1956; Bourdier, 1958; Bonifay, 1965). However, in order to
decipher such pedo-complexes in greater detail, the character and intensity of pedogenic
processes needs to be determined by measured soil-chemical proxies and the respective soil
horizons have to be supported by a reliable chronostratigraphy. The study of Bosq et al.
(2020b) provides an excellent sedimentological and chronostratigraphical investigation of one
LPS at Collias (Collias-Wood).

In this study, we present four profiles from Collias LPS, focusing on the soil forming processes
and conditions during the Last Interglacial-Glacial cycle by determining their soil-chemical
properties and features. The aims are to i) classify the palaeosol types, thus contributing new
information for a better understanding of the past climate conditions at the site and hence
complementing the palaeoenvironmental picture for SE France and ii) compare the palaeosols
to the recent soil formation. Especially, the reconstruction of the Last Interglacial (Eemian)

palaeoenvironmental conditions has a high relevance, as the Eemian is supposed to having
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been several degrees warmer than the present (e.g. Kukla et al. 2002; Brewer et al. 2008;
North-GRIP Members, 2004; Wilcox et al. 2020), which — with reservations (e.g. different
insolation pattern in the northern latitudes (e.g. Pedersen et al. 2017) — may be relevant in view
of global climate warming. Although, the precise classification of the (palaeo)-soil types of
Mediterranean LPSs, including the recent soil, is highly challenging due to complex post-
formational processes like intense erosion/truncation and redeposition of the reworked soil
material, enhanced by the long history of anthropogenic use (Yaalon, 1997; Garcia-Ruiz et al.
2013). We compare our findings with LPSs in the northern Mediterranean region, i.e., eastern
Spain, northern Italy and north-western Croatia. These sections were selected with respect to
comparable geographical positions (big river valleys) in the sub-humid Mediterranean,

considering the west-eastern climatic trend and variations in altitude.

3.2 Materials and methods

3.2.1 Geographical settings

The studied sections are situated at Collias, SE France (Fig. 3.31). They are located in the
Uzés basin, a peripheral part of the Rhodanian (Rhéne) basin in Miocene times (Reynaud et
al. 2006), and at 80 km distance to the recent Mediterranean coast line. The Uzés basin is a
15 km wide synclinal depression formed during the Pyrenean orogeny in the latest Cretaceous
in Mesozoic deposits, which cover the Palaeozoic basement of the Massif Central (Reynaud
et al. 2012; Satterfield et al. 2019). It is framed by Cretaceous outcrops and filled up with
Miocene (i.e. glauconitic sandstone, grey marls and bioclastic carbonates with a lime-mud
matrix), Pliocene and Quaternary deposits (Berger-Levrault, 1968; Reynaud et al. 2012). The
basin is drained by two rivers, the Alzon which east of Collias joins the Gard, which drains into
the Rhone River (Fig. 3.31). While both rivers incise into the Urgonien limestone (Lower
Cretaceous), following the hydrographic system, the Gard River eroded a gorge with exposing
rock cliffs (Berger-Levrault, 1968; Sheffer et al. 2008). The loess deposits are located in foot-
slope positions at the edges of the basin, with especially thick deposits (>9 m) in the south,
trapped between a major outcrop and the basin border (Tricart, 1952; Bonifay, 1965; Berger-
Levrault, 1968; Bosq et al. 2018, 2020b). The present-day climate is Mediterranean with warm
dry summers (5 arid months) and mild humid winters (Mean Annual Temperature, MAT: 14.5
°C; Mean Annual Precipitation, MAP: 809 mm) (Meteo-France, 2022e). The precipitation
occurs mainly in spring and autumn and becomes most intense in September/October
reaching up to >100 mm month* (Sheffer et al. 2008; Diodato et al. 2016). The wind regime is
characterised by westerly winds and dominated by the Mistral, a northerly, low-level, in the
north-south running Rhoéne Rift Valley orographically enhanced cold wind (Guenard et al.
2005). The recent vegetation is presented by sclerophyllous forests, respectively mixed shrub-

tree forests. These forests correspond to matorral woodlands (Garrigue) with a dominance of
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Quercus ilex and Ericaceae (Beaudouin et al. 2007). Human activity had and still has a major
impact on the studied area, especially through soil erosion caused by intensive agricultural use

since the early times (Berger-Levrault, 1968; Durand and Leveau, 2004).
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Figure 3.31: A) Area map Collias. Yellowish areas denote loess and sandy loess (cf. Bertran et al. 2021).
Digital elevation model (DEM) based on TanDEM-X data (12 m resolution) provided by the German
Aerospace Centre (DLR). B) Close-up map of the Collias research area, including the main section
Collias-Wood and the additional sections Collias-North, Collias-North_D112 and Collias-D112_South.
Orange-tinted colours representing settlement areas and roads. Shaded relief based on a DEM (1 m
resolution) provided by the IGN-FRb géoservices (2021), Cartography: V. Schniepp).

3.2.2 Field sampling

During three field campaigns, the main Collias-Wood LPS (43°57'11.7 ‘N, 4°27'56.6 ‘E; 106 m
a.s.l.) with a total thickness of 9 m, and three complementary profiles, i.e. Collias-North (4.5
m) (43°57'18.7 ‘N, 4°27'57.5 ‘E; 90 m a.s.l.), Collias-North_D112 (1.8 m) (43°57'12.7 ‘N,
4°27'54.5 'E; 113 m a.s.l.) and Collias-South_D112 (3.5 m) (43°57'12.6 ‘N, 4°27'56.1 ‘E; 115
m a.s.l.) were studied in detail (Fig. 3.32A-E). The profiles are located at the southern edge of
the basin of Uzes, west of Collias (Fig. 3.31). Collias-Wood is situated in a middle slope
position, exposed to the west and situated between erosional channels following the primary
inclination from south to north. Collias-North_D112 and Collias-South_D112 are road cuts
along the northern and southern side of road D112 constructed in a former erosional channel,
following secondary inclination from west to east, and which are exposed to the south (Collias-
North_D112) and the north (Collias-South_D112), respectively (Fig. 3.32). The terrain surface
at all three sections is used for olive and wine cultivation and the surfaces have been levelled
for creating terraced fields. Collias-North is situated ca 380 m NE of the other profiles in a
footslope position and exposed to the north. The recent surface is covered by a semi-
deciduous shrub-tree vegetation, but former agricultural use is evidenced in the profile by a

relict Ap horizon. The additional profiles allowed to study the observed palaeosol horizons in
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greater detail and to assess also the spatial variability of particular palaeosol horizons at a

local scale.

The observed horizons and their characteristics are described and classified according to
guidelines of the Food and Agriculture Organization of the United Nations (FAO, 2006) and
corresponding soil types were classified afterwards according to World Reference Base for
Soil Resources (IUSS Working Group WRB, 2022). Sediments and soils were sampled for soil-
chemical analyses by taking mixed samples per horizon defined according to altering texture
and colour. Horizons thicker than 30 cm were subdivided for sampling and special features
(e.g. infilled biopores) were additionally sampled. The size and orientation of secondary
carbonates were determined and their forms classified according to FAO (2006). After
cleaning, a more detailed characterisation of their morphology was performed on a macroscale
level. This was done to reconstruct their formation, considering the potential complexity of the
formation mechanisms, in order to utilise them as palaeoenvironmental proxies (Becze-Deék
et al. 1997; Barta, 2011a, 2016; Gocke et al. 2014; Zamanian et al. 2016).

R e,

Figure 3.32: Main Collias-Wood LPS (A), Rhéne Rift Valley, SE France and additional profiles Collias-
North_D112 (B), Collias-South_D112 (C) and Collias-North (E). View from W to E: Road D112 leading
out of Collias in a west-east orientated erosion channel, where sections Collias-North_D112 (right) and
Collias-South_D112 (left) are located (D) (photos taken by D. Sauer and N. Pfaffner (2016—-2019)).
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3.2.3 Laboratory methods

After drying, the samples were sieved (2 mm mesh size) and rock fragment content was
determined by weighting and presented in wt %. The soil texture was obtained by determining
the particle size distribution of the fine solil fraction (<2 mm). The organic matter was removed
by 30 % H.0O, and samples were dispersed with a 0.1 % NaOH solution. Sediment particles
larger than 63 um were determined by the sieve method and particles smaller than 63 um were
measured using a SediGraph Il Plus (Micromeritics). Particle sizes were determined in wt %
and classified according to FAO (2006). The total clay content (<2 ym) and the clay/silt ratio
were used to obtain the degree of weathering. Soil organic carbon (SOC) contents were
obtained by measuring total C contents with a CHN elemental analyser (TruSpec Micro, LECO)
and subsequently the carbon contents of carbonates (CaCO3) were subtracted from the total
C contents. CaCOs3 contents were determined in wt % by the gas-volumetric method using a

Scheibler apparatus (Blume et al. 2011).

Total contents of Fe, Al, Ca, Mg, Si, Mn were determined by fusing samples with a Li-meta-
tetraborate mixture (ratio 1:4), diluted with 5 % HNO3 and analysed by inductively coupled
plasma optical emission spectrometry (ICP-OES, iCAP 7000, Thermo Scientific) (Potts, 1987).
The total content of Na and K were determined by a flame spectrometer (Elex 6361,
Eppendorf). Element concentrations were used to estimate weathering intensities by
determining the following indices based on the molar element ratios: the Wlver (weathering
index based on the molar element ratio) calculated as Wiwer = (Ca (Ca, after subtraction of Ca
in CaCOg3)+Mg+K+Na)/Al (Sauer, 2016). The CPA index (Chemical Proxy of Alteration),
calculated as CPA = Al,Os/ (Al,O3z +Na0) x 100 and the Si/Al ratio (Sheldon and Tabor, 2009;
Buggle et al., 2011). Each index reflects most directly the loss of bases by silicate weathering
due to pedogenesis. Further geochemical indices of Collias-Wood are presented in Bosq et al.
(2020b).

Pedogenic Fe, Al and Mn contents were determined by Na,S,04 extraction and analysed by
ICP-OES (iCAP 7000, Thermo Scientific) (Sparks and Bartels, 1996). The ratio of pedogenic
iron oxide contents (Feg) to total iron oxide contents (Fey), as a function of depth, reflects the
degree of weathering of Fe-containing primary silicates and helps to identify weathered zones
compared to less and non-weathered zones. The colours were obtained by using Munsell Soil
Colour Charts and a handheld spectrophotometer CM-700d (Konica Minolta). The samples
were measured three times with the spectrophotometer and the mean value of the results was
converted into the CIE colour index, reflected by the L* a*b* (CIE, 1976). Higher a* values may
indicate the presence of Hematite (red colour), formed at lower water contents and higher

temperatures than Goethite (brown colour).
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Optically stimulated luminescence (OSL) ages from Bosq et al. (2020b) of the Collias-Wood
section were used to correlate findings with oxygen isotope curves from marine sediment cores
and associated marine isotope stages (MIS), as well as with the INTIMATE event stratigraphy
(Guiter et al. 2003; Rasmussen et al. 2014).

3.3 Results — Characteristics of the horizons of Collias sections

At the main Collias-Wood LPS in total 19 horizons were identified and their boundaries verified
by their soil and sediment-chemical characteristics (Fig. 3.33, Table A3.11). In terms of soil
formation the section begins from bottom to top with a red(dish)-orange Interglacial/interstadial
pedo-complex, followed by a brown, cambic interstadial soil-complex with prominent carbonate
nodules and ends with the Holocene soil formation The soil units are subdivided by a lower
yellow/olivish loess unit, interlaced by fine bands and lenses of gravel and fine sand and upper
loess horizons, which can be more characterised as a highly bioturbated weathered loess (Fig.
3.33).

Generally, the horizons of the additional profiles concur with those of Collias-Wood. Although,
one or more horizons are missing, either because they were not accessible (the base of
Collias-North; the top of Collias-South_D112) or because the parent material had not been
deposited at the site or the parent material or solum was subsequently re-eroded (gaps of
interstadial soil horizons and lower loess horizons at Collias-North_D112) (Fig. 3.34). In the

following description of the characterisations of each horizon of all profiles are compiled.

3.3.1 Interglacial/Interstadial pedo-complex

The pedo-complex comprises of varying intense weathered horizons, which are assume to
reflect several erosion and-soil formation phases. The subdivision of the complex is based on
changes of colour, structure, weathering intensity and observed in situ carbonate nodules. The
complex is underlain by a 250 cm thick carbonate encrusted indurated horizon, classified as
petrocalcic Bkm horizon, respectively (Fig. 3.35C) (FAO, 2006; Candy and Black, 2009). The
petrocalcic horizon developed in sandy deposits, most likely molasse sediments of the early

Miocene (Burdigalian) (Reynaud et al. 2012).
Bw and Bt horizons

The colour of the lowermost horizons of Collias-Wood (850-790 cm) (5 YR 3/6) and Collias-
North_D112 (180-155 cm) (2.5 YR 3/6) is an intense red with the highest a*values (15-17).
The colour is due to rubefication and displays a Munsell hue redder than 7.5 YR (moist), which
allows to use the qualifier “chromic” for the horizon (Schwertmann, 1993; IUSS Working Group
WRB, 2022).
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Figure 3.33: Stratigraphy of the Collias-Wood LPS, Rhéne Rift Valley, SE France with palaeosol
formation units marked as grey bars. Depth related upper curves of: rock fragment content [wt %], grain-
size fractions of sand (63—2000 pum), silt (2—63 pum) and clay (<2 um), in vol %; grain-size ratio of clay/silt
(<2 um/26—-63 um) and grain-size fractions of and sand (fine sand: 63—200 um, medium sand: 200-630
pUm, coarse sand: 630—2000 um), silt (fine silt: 2—6.3 um, medium silt: 6.3—20 um, coarse silt: 20—63 pum)
and clay (fine clay + medium clay: <0.63 um, coarse clay: 0.63—2 um). Depth related lower curves of
calcic carbonate equivalents in wt %, contents of soil organic carbon (SOC) in wt % and chemical proxy
of alteration (CPA) (100*Al,O3/(Na,O+Al,03)), weathering index of molar element ratio (WIuer) (Ca (after
subtraction of Ca in CaCO3s)+Mg+K+Na)/Al)), Si/Al and, ratios of pedogenic to total contents of iron and
manganese (Fed/Fe;, Mng/Mny) and colours of the CIE colour index, reflected by the parameters L*a*,
b* and ratio of a* and b*. Black circles mark position of OSL samples, ages after Bosq et al. (2020b).
SC: soil complex; SSC: soil -sediment-complex; GL: gravel lense; ED: erosional discontinuity.

The 3 Bt horizon of Collias-North_D112 displays the most intense weathering with maxima of
clay (54 vol %), clay/silt (2.8), Fed/Fe: (0.52) and CPA (84) as well as minima of Si/Al (4.5) and
Wiwver (0.41) (Fig. A3.41). The horizon has a clay texture with an angular to prismatic structure
and abundant distinct clay and Mn coatings (Fig. 3.35D). Uniform contents of total sand as well

as fine sand (63-125 pm) in the vertical direction implicate that soil formation took place in a
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Figure 3.34: Stratigraphy of the main loess-palaeosol section Collias-Wood and correlation to horizons
of the additional profiles Collias-North, Collias-South_D112 and Collias-North_D112, Rhéne Rift Valley,
SE France. SSC: soil sediment complex, SC: soil complex, ED: erosional discontinuity, GL: gravel lense.
Black circles mark position of OSL samples (Bosq et al. 2020b).

lithologically uniform material, i.e. at Collias the loess sediment. The correlating 9 Bw5 horizon
of Collias-Wood indicates less intense weathering with clay contents of 39 vol %; clay/silt: 1.1;
Fed/Fer: 0.41; Si/Al: 4.9; Wlver 0.52 and CPA: 82 (Fig. 3.33). The horizon is characterised by
a clay loam texture, a subangular and angular structure and displays few to very few clay and
Mn coatings (Fig. 3.35B). Both horizons contain up to 5 wt % CaCOgs, display few small in situ
carbonate concretions and contain a marginal amount of rock fragments (0.02 wt %— 0.1 wt
%).

In agreement with the field observations at both sites (Table A3.11) these horizons reflect the
most intense weathering compared to all other horizons of the Collias sections. However, in
contrast to the field observations, micromorphological evidence at Collias-Wood showed no
clay coatings for the lowermost Bw horizon (Bosq et al. 2020b). We assume that in the middle-
slope position of Collias-Wood a reworked soil-sediment was deposited, whereas in today’s
erosional channel of Collias-North_D112 parts of the in situ solum was preserved. The lack of
clay coatings at Collias-Wood may be due to the reworking of the same soil material as

observed at Collias-North_D112 and its redeposition as soil sediment. Thus, the red horizon
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of Collias-North_D112 fits the criteria for an argic horizon and classified as Bt horizon (3 Bt,
Fig. 3.35, A3.41), whereas the horizon of Collias-Wood shows cambic criteria, and is classified
as Bw horizon (9 Bw5 horizon, Fig. 3.33) (FAO, 2006; IUSS Working Group WRB, 2022). We

presume these horizons represent remains of a former Luvisol formation.
Bwck and Btck horizons

The four overlying Bwck horizons of Collias-Wood (790-600 cm; 9 Bwck5 to 8 Bwck2) are
characterised by a gradual change of colour with decreasing depth from orange-red (5 YR 3/6)
to orange (5 YR 4/4) to patchy brown-orange (7.5 YR 4/4) and brown (10 YR 4/4) (a*value: 16
to 9). The uppermost brown 8 Bwck2 horizon represents the upper boundary with a change of
colour between the lower brown-orange colour and the overlain loess unit with a yellow/olivish
colour (Fig. 3.33). A similar trend of colour shifts (5 YR 3/6 to 5 YR 4/8 to 7.5 YR 4/6; a*value:
17 to 14) was observed at Collias-North_D112 (155-50 cm). At this site the upper brown
horizon is missing and the pedo-complex is directly overlain by a horizon designated to the
upper loess unit (Fig. A3.41, Table A3.11).

The horizons of both sections show a vertical decrease of weathering intensity, indicated by a
decrease of clay (48 vol % to vol 24 %); clay/silt (1.9 to 0.5); CPA (83 to 76) and Fegd/Fe; (0.43
to 0.35) and an increase of Si/Al (4.8 to 5.7), Wlner (0.42 to 0.59) and CaCOs contents (8 wt
% to 23 wt %). The texture at Collias-Wood changes from clay loam to silt loam and from an
angular to a subangular structure; at Collias-North_D112 from clay to a clay loam and from an
angular to a massive structure. The 2 Bwck and 3 Btck horizons at Collias-North_D112 contain
many faint clay coatings and common to few Mn coatings, whereas at Collias-Wood only in
the lower horizon very few clay and Mn coatings were observed, but in the upper brown horizon
fine rounded soft Mn concretions (Figs. 3.33, A3.41, Table A3.11).

All horizons display enrichments of secondary carbonates, accumulated as in situ calcic
nodules. Their size increases with decreasing depth, apart from the uppermost 8 Bwck2
horizon at Collias-Wood. Here, the carbonate concretions are relocated and the horizon
contains up to 0.5 wt % of small rock fragments. The stronger accumulation of secondary
carbonates in these horizons allowed to use the diagnostic criteria “cambic” for the Bwck at
Collias-Wood and, due to the more intensely developed clay coatings, “argic” for the Btck at
Collias-North_D112 (IUSS Working Group WRB, 2022).

Bck and Bckm horizon

At Collias-South_D112 (400+ — 340 cm) the lower horizons of the pedo-complex are missing

and the calcrete is directly overlain by a yellow-brown horizon and a light brown horizon, which
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Figure 3.35: Photographs of special features of profiles of Collias LPS, Rhone Rift Valley, SE France.
A) Prominent carbonate nodules in 3 Cck horizon of Collias-North before profile preparation. (B) Clay-
loamy 9 Bw5 horizon of Collias-Wood with few to very few clay and Mn coatings. C) Petrocalcic Bkm
horizon above Miocene sediments, showing, like road D112, a west-to-east inclination. Profile Collias-
North_D112 at the right edge of the picture. D) Clayey 3 Bt horizon of Collias-North_D112 with a
prismatic structure and abundant distinct clay and Mn coatings (photos taken by D. Sauer and N.
Pfaffner (2016-2020)).

range from 10 YR 5/4 to 10 YR 6/4 (a*value: ~7) (Fig. 3.32C, A3.42). The upper yellow-brown
horizon contains small in situ carbonate nodules and is classified as 4 Bck horizon. The brighter
brown colour (10 YR 6/4) of the lower horizon originates from the intense secondary carbonate
enrichment, classifying it as a 4 Bckm horizon. The horizon has a massive structure and their
characteristics (clay contents: ~26 vol %; clay/silt: 0.41-0.54; CPA: 71-72; Si/Al: 5.7-5.9;
Wiwer: 0.71 to 0.76; Feq/Fer: 0.39; CaCOs: 27 wt %—34 wt %) indicate slightly less weathering
than the uppermost corresponding horizons of the pedo-complex (8 Bwck2 at Collias-Wood, 2
Bwck at Collias-North_D112) and to not classify as cambic. Nevertheless, in consideration of
the stratigraphic position of these horizons at Collias-South_D112 and the fact, they all have a
silt loam texture, we assume they belong to the same pedo-complex.

3.3.2 Lower loess horizons
C(c)k, Cck/Bwck and BCck horizons

The colours of the horizons range from brown-olive (2.5 Y 3/3) to olive (2.5 Y 5/4) and yellow-
olive (2.5 Y 5/4) (a*value: 6-7) within decreasing depth. The horizons are characterised by
abundant bioturbation evidenced by brown (10 YR 5/6) infilled biopores (section 3.4.1). They
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are characterised by low contents of clay (15 vol % to 19 vol %) and clay/silt (0.30-0.38),
medium Feg/Fe; (0.37-0.38), medium CPA (69-75), medium WIlver (0.59-0.85), medium
CaCOs contents between 26 wt %—29 wt % and high Si/Al (5.9-8.0). They have a massive
structure and a silt loam texture. Colour and texture indicate a re-deposited sediment-mixture
of underlain brown Bwck (7 BCckl at Collias-Wood, 3 BCck2-3 at Collias-South_D112)
material of the underlain pedo-complex and superimposed olive C-horizon material. The
horizons display various carbonate nodules, partly relocated (sect. 3.4.2, Table A3.11), and
dominant Mn coatings at Collias-South_D112 (285-230 cm) and very fine, faint, rounded soft
Mn concretions at Collias-Wood (600-570 cm). Due to their sediment-mixed character, the

horizons were classified as BCck.

The characteristics of the upper olive and yellow-olive horizons (clay contents: 7 vol %-17 vol
%; clay/silt: 0.26—-0.86; CPA: 67-75; Si/Al: 6.9-4; WIyver: 0.60-1.24; Feqs/Fer 0.34-0.36;
CaCOs: 27 wt %—-30 wt %) rather indicate low weathering, but with a wide range of the
measured values (Fig. A3.42). In contrast to the underlying brow-olive horizons, they have a
massive to single grain structure with a texture alternating between sandy loam and silt loam.
The varying colours and textures originate from two different (alternating) parent sediments, a
coarser sediment, possibly the local reworked glauconitic sandstone and a finer loess
sediment. The coarser texture challenges the comparison of the degree of weathering, but
explains the scattering values. The horizons contain small angular rock fragments (up to 0.5
wt %). Collias-Wood displays two calcic carbonate encrusted gravel lenses (465—460 cm and
527-523 cm) (Fig. 3.36B), which delimit the two olive horizons (6 Cck/Bwck, 5 Bwck/Cck; 570
cm to 460 cm). At Collias-South_D112, no gravel lenses were observed, but they could be
traced in the same sediment unit along the loess outcrop in the westward direction. Based on
the low weathering of the horizons the olive sediment is designated as Cck or Ck depending
on the appearance of the carbonate nodules, whereas the brown biopores are classified as

Bwck due to their dominance occurrences.

3.3.3 Interstadial soil-complex

Cck, BCck and Bwck horizons

The horizons of this soil complex are characterised by an increase of weathering intensity with
decreasing depth, reflected by a change of colour from yellow-brown (10 YR 5/6, 10 YR 6/4)
to light brown (10 Y/R 5/4) to brown (10 Y/R 4/6) (a*value: ~8). They display a gradual change
of palaeoproxies from least to moderate weathered (47 wt % to 25 wt % CaCOgs; clay: 15 vol
% to 25 vol %; clay/silt: 0.38 to 0.82; CPA: 66 to 75; Si/Al: 8.2 to 7.6; Wlver: 1.61 to 0.58;
Fed/Fe:: 0.31 to 0.36), with decreasing amount of rock fragments (6.1 wt % to 0.4 wt %) and
were classified as Cck to BCck to Bwck horizons (Figs. 3.33, A3.42, Table A3.11).
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At Collias-South_D112 (120—-0 cm), the brown Bwck horizon with its loam texture is underlain
by a weakly weathered BCck and a no weathered Cck horizon. Both underlain horizons contain
large, in situ carbonate nodules (Fig. 3.35A) and in-filled biopores (Fig. 3.36A-C). In
consideration of the high amount of rock fragments of the Bwck horizon, we assume the
horizons reflect at least one in situ Cambisol formation, whereas the upper part was truncated.
In contrast, at Collias-Wood (460—400/410 cm), only one patchy yellow-brown 4 Bwck1 horizon
with a silt loam texture and also pronounced brown infilled biopores with prominent carbonate
nodules, remained. Although, the soil is mainly eroded and merely remains of it were mixed in
the loess sediment, the horizon is classified as a cambic Bwck to signify the former soil
formation.

An equivalent of the Bwck horizon is missing at Collias-North (350-220 cm), but parent
material with pronounced carbonate nodules horizon (Cck) and overlying BCck horizons can
be correlated to this horizon (Figs. 3.34, 3.35).

3.3.4 Upper loess horizons

BCck horizons

The upper loess horizons begin at Collias-Wood with the colluvial 3 BCck/Bwck haorizon
(400/410-360 cm), in which the loess sediment is classified as BCck and the in-worked soil
remains from the underlain horizon (4 Bwckl horizon) as Bwck. The horizon displays a silt
loam texture, a weakly developed subangular blocky structure, a patchy brown (10 YR 4/6)
and yellow-brown (10 Y/R 5/6) colour and high amount of rock fragments (2.7 wt %). A
corresponding colluvial horizon, including reworked Bwck soil sediment, is missing at Collias-
North. However, highest amounts of rock fragments (6.1 wt %) of the uppermost 3 BCckl

horizon suggests respective correlations.

The uppermost loess horizons displayed at Collias-Wood (360-120 cm), Collias-North (220
cm to 90 cm) and Collias-North_D112 (50-0+ cm) are weakly weathered horizons. At Collias-
Wood the colour of the 2 BCk2 and 2 BCk1 horizons change from light brown (10 YR 5/4) and
brown (10 YR 4/6) to grey-brown (10 YR 5/3) (a*value: 8-9). In contrast, the corresponding
horizons at Collias-North show a change from light brown (10 YR 5/4) and grey-brown (10 YR
5/3) to brown (10 YR 4/4) (a-value: 9), whereas the uppermost horizon of Collias-North_D112
has a light yellow-brown colour (10 YR 6/4) (a*value: 10). The horizons display abundant
features from biological activity, including former and recent roots as well as earthworm
channels and infilled burrows. Together with an increase of soil structure and decrease of
pseudomycelia they indicate initial soil formation with decreasing intensity. However, clay (20
vol % to 30 vol %) and weathering indices (CPA: 74-76; Si/Al: 5.9-7.1; Wlver: 0.55-0.69), as
well as Feq/Fe; (0.34—0.35) display no noticeable changes (Figs. 3.33, A3.40).
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We assume, that the brown colour similar to the Bwck horizons from the brown soil complex
does not originate from similarly intense in situ weathering, but rather from relocated pre-
weathered material with subsequently less intense in situ soil formation. The colluvial character
is supported by contents of rock fragments (Figs. 3.33, A.3.40). Thus, the horizons are rather

classified as BCk horizons.

3.3.5 Holocene soil

The recent soil formation at Collias is influenced by a long-time and intense agricultural use.
At Collias-Wood (120-0 cm), the Ah horizon is underlain by four colluvial horizons, which each
display a medium developed structure. With decreasing depth, the orange-brown matrix
changes from an orange dominated to a brown dominated colour. Former Ah horizons may
have delimited the colluvial horizons, but they were incorporated in the underlying material,
most likely during different phases of terrace levelling. The colluvial horizons are classified as
Bw (1-4) horizons according to the field observations. At Collias-North (90-0 cm), the recent
Ah horizon is underlain by a brown colluvial horizon, followed by a former ploughed surface
(Apb horizon). The colluvial AB horizon above has a moderate subangular blocky structure,
displays abundant dominant clay coatings and the horizons contain primary carbonate. The
mixed characteristics are interpreted as former erosional processes of pre-weathered material

with subsequent soil formation.

3.3.6 Biopores and secondary carbonates

Biopores

Biopores are defined as voids in the soil and sediment as the result of biological activity (e.g.
plant roots growth, burrowing animals) strongly related to the formation of the soil structure
(Kautz, 2015). The stratigraphical position, size, colour as well as the texture of the biopores
and their infilling sediments can provide, combined with analysed palaeosol horizons and
sediments, valuable information for reconstructing palaeoenvironmental conditions (Gocke et
al. 2014).

The Collias sections are characterised by abundant recent and former (in-)filled biopores, as
observed in all horizons. The size of the vertical oriented biopores varied from small (0.15 cm
to 5 cm wide, up to 25 cm long) up to large tongues (5—-10 cm wide, up to 2 m long), but large
tongues are restricted to the Cambisol remain and the underlain loess horizons (Fig. 3.36A—
B). The biopores are partly filled with sediment, partly encrusted by soft secondary carbonates
and in situ carbonate nodules. The biopore infillings of the lower pedo-complex show a yellow

to yellow-brown colour compared to the red-orange colour of the surrounding material (Fig.
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Figure 3.36: Photos of biopore features of Collias-Wood LPS, Rhone Rift Valley, SE France. A) large
brown infilled biopores (5—-10 cm wide, up to 2 m long) of the interstadial soil horizon reaching into the
lower loess unit (360-570 cm), B) close up of smaller brown biopores surrounded by olivish sediment
of 5 Cck horizon (0.15 cm to 5 cm wide, up to 25 cm long) of lower loess horizons at ~510 cm depth
with gravel lens (523-527 cm). C) Horizontal 40 cm x 60 cm cross section (480 cm depth) (cutting)
through large brown infilled biopores. D) Yellow to yellow-brown biopores, partly encrusted by soft
secondary carbonates of interglacial/interstadial pedo-complex surrounded by red-orange soil sediment
of 8 Bwck4 horizon (670—710 cm) (photos taken by D. Sauer (2019-2020)).

3.36D). In contrast, the infillings of the upper brown Cambisol show a darker browner colour
compared to the surrounding yellow-brown coloured material (Fig. 3.36A-B). Based on the
field observations, we hypothesise that the former biopore system presented zones of
preferential flow within a surrounding denser matrix, by which overlying materials were leached

into underlying horizons.

We investigated the phenomenon in more detail. Firstly, at 480 cm depth at Collias-Wood a
horizontal cross section (40 cm x 60 cm) cutting through the large tongues in the 5 Bwck/Cck
horizon was prepared to analyse their three-dimensional forms and distribution (Fig. 3.36C).
Secondly, samples from infillings with surrounding sediment from 670—710 cm as well as 527—
570 cm and 465-523 cm were taken to determine soil-chemical characteristics in order test
the leaching hypothesis. The horizontal cross section revealed round cone-like shapes of the
brown tongues with diameters of 3 cm to 8 cm and showed revealed that the forms were
isolated, i.e. unconnected among each other, displaying an irregular and scattered distribution
(Fig. 3.36C). Thus, periglacial features (ice or sand wedges, thermal cracks) as their origin can
be excluded, because they would have induced a regular polygonal pattern (Bertran et al.
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2014). Furthermore, a faunal origin, like animal burrows, can be excluded due to their vertical

cone-shapes which confirm their root-related origin.

The lower yellow-brown infillings of the interglacial/interstadial pedo-complex display higher
contents of CaCOs and ratios for Wlver, CPA, and lower contents of clay and a lower clay/silt
ratio compared to the surrounding soil sediment (Table A3.12). Thus, less soil formation for
the infillings is assumed, which supports the hypothesis of (vertical) leaching from above
through biopores. The lower CaCOgs contents, higher clay contents and clay/silt ratio of the
brown infilling sediments beneath the brown Cambisol remain indicates more intense
weathering compared to the surrounding sediment (Table A3.12). Therefore, brown soil
material from the 4 Bwckl horizon may leached down into the less weathered loess sediment
(5 Bwck/Cck and 6 Cck/Bwck horizon). However, as differences in the texture of the 4 Bwckl
parent material and the surrounding sediment of the brown infilled-biopores was observed
(Table A3.12; Bosq et al. 2020b). Thus, the comparison of weathering ratios is challenging. To
clarify, if leaching of overlain 4 Bwck1l material or in situ weathering along the biopores took
place, the consistence of the parent material was determined by the middle sand/coarse silt
ratio (mS/cSi ratio). Both particle size classes are mainly composed of quartz, orthoclase or
muscovite micas, and are therefore less vulnerable to weathering compared to the other
particle size classes (Blume et al. 2011). We observed equal mS/cSi ratios for the brown
infillings and the surrounding sediment compare to the 4 Bwckl material, suggesting in situ
weathering of the brown infillings (Table A3.12). We assume, the large brown tongues originate
from preferential flow along previously developed biopores (Gocke et al. 2014; Zhang et al.
2016). After root decaying, leaching in the remaining voids favoured weathering of in situ

material compared to the surrounding sediment.
Secondary carbonates

Secondary carbonates occur in LPS in various types, which imply different environmental
conditions (Becze-Dedak et al. 1997; Kovda et al. 2009; Barta, 2011b, 2011a; Zamanian et al.
2016; Li et al. 2018). So far, based on the classified forms of the FAO (2006), a differentiation
of their differing origins, i.e. from biogenic (calcified earthworm granules; calcified root cells;
rhizoliths; pseudomycels; needle-fibre calcite) or abiogenic (soft concretions; coatings;
hypocoatings; nodules; calcretes) on a macroscale level is challenging (Becze-Deék et al.
1997; Gocke et al. 2014; Barta, 2016; Zamanian et al. 2016). Thus, in this study, the term
“pseudomycelia” refers to all in the field visible carbonate concretions within the pore system
and “carbonate concretions” to observed and sampled hard (hollow) concretions (Fig. 3.37A-
F, Table A3.11).

At Collias sections, pseudomycelia are displayed in all moderately weathered lower horizons

of and in the weakly developed horizons of the upper loess unit. Compared to the homogenous
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Figure 3.37: Variety of selected carbonate nodules from all Collias LPS, Rhdne Rift Valley, SE France.
A) Reddish nodule (concretion) with prominent septarian structure from 3 Btck horizon of Collias-
North_D112 (130-155 cm). B) yellow-brown nodule (upper left in photo) with septarian structure and
hollow nodule (rhizoliths) (down and left in photo) from BCck and 2 Bwck horizons of Collias-North_D112
(0-110 cm). C) Brownish nodule (rhizolith) from 7 BCck1 horizon of Collias-Wood (595 cm). D) yellow-
olive hollow carbonate nodule (rhizolith) from 2 Cck/Bwck2 horizon at Collias-South_ D112 (160-175
cm). E) Vertically cut yellow-brown nodule with porous homogenous inner fabric from Collias-
South_D112 (0-40 cm). F) yellow-brown carbonate concretion (>20 cm long, >10 cm wide) impregnated
with small rock fragments from CCK horizon of Collias-South_D112 (0-40 cm) (Photos taken by N.
Pfaffner (2019)).

distribution in the lower horizons, the amount of pseudomycelia increases with increasing
depth in the upper loess unit. Based on their stratigraphical position, we assume for these
horizons, that increasing amounts of pseudomycelia are due to leaching of bicarbonate
solution from carbonate rich material deeper into the soil profile. For the lower horizons, the

identification of pseudomycelia is uncertain and further research is required.

Beneath the last Interglacial/interstadial pedo-complex a carbonate cemented layer of <50 cm
thickness was observed. The layer has a rough surface and is assumed to form by carbonate
(re)precipitation (Fig. 3.35C). Hard carbonate nodules of different shapes and sizes were
observed in the lower pedo- and loess units in all sections (Fig. 3.37A—F). In patrticular,
abundant large elongated and cylindrical carbonate nodules (>20 cm long, >10 cm wide) occur
in and underneath the Bwck, BCck and Cck horizons of the interstadial soil-complex, rendering
it a conspicuous (carbonate nodules) zone in all profiles (except Collias-North_D112, where
the respective unit was not accessible) (Figs. 3.36C, 3.37F). The prominent carbonate nodules
occur in the loess matrix as well as in the large brown biopores. The nodules have a
homogenous yellow-brown colour and show a pitted, porous surface impregnated with small

rock fragments (Fig. 3.37F). The nodules were further investigated to determine their origin.
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So called “rhizoliths” originate from water flow with soluble Ca?* at the roots and precipitation
of CaCOs along them or the release of HCOz by roots to compensate for the uptake of anions
(Zamanian et al. 2016). Generally, rhizoliths have a typical hollow or toroidal inner fabric. Thus,
exemplarily two of the large carbonate nodules of Collias-South_D112 were cut vertically to
review their inside structure. They displayed in contrast to rhizoliths, a porous, uniform inner
fabric with small rock fragments and cavities up to 1.5 mm in diameter (Fig. 3.37E). Therefore,
they rather correlate with the descriptions of nodules/concretions from Zamanian et al. (2016)
and Li et al. (2018). They assume that the nodules/concretions form in situ by cementation of
the soil matrix, where precipitation of CaCO3s minerals merging with the other compounds (e.g.
rock fragment, mineral particle, organic particle). Barta (2011b) even distinguishes nodules
(various form, do not fill pre-existing cracks, do not in-cooperate clastic material) and
concretions (spheroidal or ellipsoidal shapes, incorporates clastic material). However, as the
nodules from Collias-South_D112 display contradicting characteristics regarding Berta’s
(2011b) descriptions, we chose the term “carbonate nodules”. We assume, they formed by
reprecipitation of the bicarbonate solution, encrusting the sediment matrix favoured by the
former biopore system. Additionally, the amount of rock fragments in these horizons acted as
condensation cores, which may also explain the inner homogeneous structure of Collias
concretions. Another possible explanation for the porous inner structure may state, that high
amounts of small channels favoured hypocoatings in an early formation phase, which gradually
cemented together (Barta, 201l1a). Probably, a mixture of small rock fragments and

hypocoatings acted as precipitation nuclides in the biopore system.

Smaller horizontal concretions, observed at Collias-Wood (7 BCckl, 570-635/640 cm), were
nodules reworked by the downslope erosion by water. In contrast at Collias-South_D112 (2
Cck /Bwck1-4, 160-215 cm) the nodules show very fine bulges, which one would expect to get
abraded if relocated. Therefore, we assume either the protuberances started to grow after the
nodules had been redeposited at the site, or concretions possibly formed in situ due to
horizontal/lateral water flow. In the 7 BCckl horizon of Collias-Wood (595 cm), the 2
Cck/Bwck2 horizon at Collias-South_D112 (160-175 cm) and the BCck and 2 Bwck horizons
of Collias-North_D112, hollow hard nodules, which fit the characteristics of rhizoliths, were
observed (Fig. 3.37B-D) (Barta, 2011b; Zamanian et al. 2016). Within the 3 Btck horizon of
Collias-North_D112 (130-155 cm) round, reddish concretions with a septarian crack structure,
were observed fitting the criteria for nodules (Fig. 3.37A) (Barta, 2011b; Li et al. 2018).

3.4 Discussion — soil formation and palaeoenvironmental context

On the basis of the observed and measured soil characteristics and available OSL ages from
Bosqg et al. (2020b) a chronostratigraphy was established for the Collias-Wood LPS. The

sequence of sediments and soils is reflected against the warm interglacial and cold glacial
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periods as derived from oxygen isotope data of marine sediment cores (marine isotope stages,
MIS) (Fig. 3.38). We use stage boundaries according to Lisiecki and Raymo (2005) and
Railsback et al. (2015). Furthermore, phases were correlated with interstadial and stadial
phases known from terrestrial archives (pollenstratigraphies), whereas local nomenclature for
southern Europe was chosen (Guiot et al. 1993; Guiter et al. 2003; Wohlfarth, 2013) (Fig. 3.38).
If possible, interstadial phases as reconstructed from soil development and OSL dating at the
LPS were correlated with the INTIMATE event stratigraphy (Rasmussen et al. 2014). This
stratigraphy includes, next to terrestrial and marine records, ice core records from the northern
hemisphere displaying for the last glacial period climate fluctuation known as Dansgaard-
Oeschger events, which were numbered systematically as Greenland interstadials (Gl) and
Greenland stadials (GS) (Rasmussen et al. 2014) (Fig. 3.38). OSL ages for the
interglacial/interstadial pedo-complex range between 78.9 + 6.7 ka and 87.1 £ 6.5 ka, which
can be correlated with the Early Glacial (MIS 5 a-c/MIS 5.1-5.3). The ages of 55 + 4.4 ka and
55 + 4.1 ka correspond to the Lower to Middle Pleniglacial transition (MIS 4 to MIS 3) and early
Middle Pleniglacial (MIS 3), whereas ages of the upper loess unit range from 38.5 £ 2.5 ka, i.e.
the late Middle Pleniglacial (MIS 3), to 23.8 + 2.5 ka, i.e. the Upper Pleniglacial (MIS 2). Thus,
the sections also cover the Last Glacial Maximum (LGM), as determined for the Alpine Region
with an expansion of glaciers since 32.5-30.5 ka, and with two distinct glacier advances around
26-25 ka and 23-22 ka (lvy-Ochs et al. 2022).

The chronostratigraphy of the additional Collias profiles is based on stratigraphic correlations
of the horizons with those of Collias-Wood (Fig.3.34). In combination with the results they
provide the basis for reconstructing the soil forming conditions through time, and thus the
changes of the palaeoenvironmental conditions at Collias from MIS 5 to MIS 1. We correlate
our findings with those from Mediterranean LPS of eastern Spain, northern Italy and western
Croatia taking into consideration chronological uncertainties due to the lack of numeric ages

for most of the published sections (Fig. 3.39).

3.4.1 Last Interglacial (Eemian) and Early Glacial soils

Eemian soil MIS (5e, ca 130-115 ka/110 ka)

Whereas the Eemian is generally considered to having lasted from 130-115 ka ago (NEEM
community members, 2013), thus conforming largely to MIS 5e (e.g. Chen et al. 1991,
Shackleton et al. 2003), in contrast to northern Europe the Eemian is considered to having
lasted until the beginning of the Melisey | stadial (GS 25, end of Gl 25) in southern Europe, i.e.
until ca 110 ka ago in MIS 5d (Guiot et al. 1993; Shackleton et al. 2003; Sanchez-Gofii et al.
2005; Brewer et al. 2008; Wohlfarth, 2013; Rasmussen et al. 2014). The Eemian soil at Collias

is represented by a chromic, decalcified, clayey Bt horizon with an angular to prismatic

94



structure with clay and Mn coatings (cf. section Collias-North_D112). The intense red colour is

attributed to the presence of hematite as a result of rubefication (Fig. 3.35B, 3.35D).

This process requires warm temperatures in combination with a xeric moisture regime (Boero
and Schwertmann, 1989; Fedoroff and Courty, 2013). The Luvisol remain is underlain by a
petrocalcic horizon formed by leaching and reprecipitation of a solution rich in hydrogen
carbonate, requiring a xeric moisture regime, too (Yaalon, 1997; Candy and Black, 2009).
These characteristics point clearly to a formation under Mediterranean climate conditions (hot,
dry summer and rainy mild winter), for which effective rainfall intensity exceeds
evapotranspiration. Our findings are in accordance with descriptions of the assumed Eemian
soil from other Mediterranean sections (red-brown to red, rubefied, argic Bt(k) horizon, often
hydromorphic features) (Fig. 3.39) (Bonifay, 1965; Brosche and Walther, 1977; Cremaschi,
1990a; Rose et al. 1999; Gunster et al. 2001; Ferraro et al. 2004; Ferraro, 2009; Boixadera et
al. 2015; Zerboni et al. 2015, Plata et al. 2021).

However, a yellowish-red to red Bw horizon with scarce rounded clay coatings classified by
Durn et al. (2018a) as a hypereutric Chromic Cambisol was described for north-western
Croatian LPS (Wacha et al. 2011a; Zhang et al. 2018). As the red palaeosol is mainly
correlated to the Eemian period (MikulCi¢ Pavlakovi¢ et al. 2011; Wacha et al. 2011a; Zhang
et al. 2018), the less intensely developed horizon may reflect less pronounced climate
conditions, and therefore Durn et al. (2018a) assume that soil formation took place during the
Penultimate Interglacial (MIS 7). Red soils, including limestone derived terra rossa soils, are
well known from the Mediterranean region, but the determination of their origin and especially
their precise formation age are still under debate (Yaalon, 1997; Durn, 2003; Fedoroff and
Courty, 2013; Durn et al. 2018a). Numerical data of the assumed Eemian soil(s) in
Mediterranean LPS are scarce and often they are solely identified by their stratigraphic position
(Bonifay, 1965; Ferraro, 2009; Brosche and Walther, 1977; Gunster et al. 2001). The hitherto
existing ages are mainly inconclusive because of the polygenetic and/or mostly colluvial
character of this soil (Fedoroff and Courty, 2013; Boixadera et al. 2015; Zerboni et al. 2015;
Durn et al. 2018a; Zhang et al. 2018). These uncertainties illustrate how challenging a
correlation of these horizon characteristics solely to the Eemian period is and that climate

conditions may be misinterpreted.

The distinct thickness of the petrocalcic horizon of the Collias profiles raises the question, if
climate conditions of the Eemian could have induced this indurated horizon or if a polycyclic
formation took place. SE-Spanish LPS with similarly high amounts of carbonate as at Collias
display also petrocalcic horizons (up to 1.2 m thickness) under the assumed Eemian soil
(Gunster, 1999). Petrocalcic horizons of LPS of Croatia are displayed in dune sands and/or

similarly coarsely granulated substrates. In Italian LPS no calcrete horizon was observed due
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Figure 3.38: Potential soil formation phases at the loess-palaeosol sections (LPS) Collias reflected against (1) the OSL ages from the study site pointing to periods
of sediment-soil reworking and deposition (Bosq et al. 2020b) and (2) marine, ice core (Rasmussen et al. 2014) and selected terrestrial archives (Guiter et al. 2003;
Wohlfarth, 2013; Helmens, 2014). (MIS = Marine Isotope Stage; Gl = Greenland).
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to different underlying material (i.e., fluvio-glacial deposits, till, limestone) (Ferraro, 2009;
Wacha et al. 2011a; Boixadera et al. 2015; Zerboni et al. 2015; Durn et al. 2018a). Described
LPS of SE France equally petrocalcic horizons with similar thicknesses (up to 60 cm) or
carbonate nodules enriched horizons beneath the assumed Eemian soil (Bonifay, 1965).
These horizons are, like Collias, also underlain by coarser material (e.g. gravels, sands), which
favours carbonate precipitation (Zamanian et al. 2016). Recently, palaeoclimatic studies
suggest for the western Mediterranean region enhanced winter precipitation during the Eemian
period and that, in favourable topographic positions with additional carbonate enrichment
through subsurface interflow, possibly enhanced by underlying coarse sandy material, may
supports the hypothesis of a single formation phase (Sauer et al. 2015; Zamanian et al. 2016;
Pasquier et al. 2019; Dixit et al. 2020).

Furthermore, we exclude a polygenetic formation of the chromic Bt material of Collias, as
assumed for Italian or Croatian LPS (Durn, 2003; Zerboni et al. 2015). The highly exposed
topographical position makes it unlikely that soil material of preceding interglacial was
preserved. In contrast to Tricart (1952), soil formation in the underlying local Miocene parent
material during preceding interglacial periods can be excluded, as the texture is determined as
coarse loess material, indicating penultimate (Rissian) loess deposits as parent material
(Bonifay, 1965; Bosq et al. 2020b). We attribute the characteristics of the soil formation
reclusively to the Eemian period and assume due to the displayed clay coatings (section
Collias-North_D112), the in situ Eemian soil type was a Luvisol. The lack of clay coatings of
the lowermost soil horizon of Collias-Wood (9 Bw5 horizon) (Bosq et al., 2020b) can be
explained by its topographic position on a mid-slope. In agreement with the published OSL age
(78.9 £ 6.7 ka) of this horizon, we suggest that the horizon reflects reworked Eemian soll

material, in contrast to the in situ remains of the 3 Bt horizon of Collias-North_D112.

Thus, we presume for the Eemian period in SE France climate conditions with a pronounced
seasonality marked by hot, arid summer months and mild winter months with a significant
amount of precipitation. This assumption coincides not only with described palaeosol
formations of terrestrial records, but also with pollen records of France and elsewhere in the
Mediterranean, which display an abundance of summer-drought resistant, sclerophyllous taxa
(e.g. llex, Olea, Pistacia, evergreen Quercus) (Beaulieu et al. 2005; Tzedakis, 2007) , and with

precipitation patterns extracted from marine records (Pasquier et al. 2019; Dixit et al. 2020).

3.4.2 Early Glacial soils (MIS 5d to 5a, 115/110-71 ka)

With the onset of the Early Glacial, a slow decrease in temperature and an increase of humidity
as well as an opening of the forest vegetation (cover) is described for the Mediterranean region
(Beaulieu and Reille, 1984b; Guiter et al. 2003). Thus, the landscape surface became instable

and geomorphic activity resulted in the truncation of the Eemian soils which became
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redeposited in different topographic positions (cf., 9 Bw5 horizon of Collias-Wood vs. 3 Bt
horizon of Collias-North_D112). The truncation of Eemian soils in European LPS has often
been described (Brosche and Walther, 1977; Antoine et al. 1999, 2001, 2009a; Glnster et al.
2001; Frechen et al. 2007; Fedoroff and Courty, 2013; Rousseau et al. 2018).

Structure, colour and texture class the lower four Bwck horizons of Collias-Wood as cambic
horizon (IUSS Working Group WRB, 2022). We attribute the vertical decrease of weathering
to several erosion-sedimentation cycles each followed by a less intense soil formation than
during the Eemian period. We correlated these erosion-sedimentation cycles with the
succession of colder stadials of MIS 5d (Mélisey | (110-104 ka) (Guiter et al. 2003); GS 25
(Wohlfarth, 2013); NAC25 (Helmens, 2014); GS 25, 110.6-108.3 ka (Rasmussen et al. 2014))
and MIS 5b (Mélisey Il (92—84 ka) (Guiter et al. 2003); GS 22 (Wohlfarth, 2013); NAC 22-21
(Helmens, 2014); GS 22-20, 87.6-85.1 ka (Rasmussen et al. 2014)) (Fig. 3.38). Subsequent
soil formation phases are correlated with the interstadial of MIS 5¢ (St Germain | (104-92 ka)
(Guiter et al. 2003); Gl 24-22 (Wohlfarth, 2013); NAW 24-22 (Helmens, 2014); Gl 24.1c-22a,
106.8—-87.6 ka (Rasmussen et al. 2014)) and MIS 5a (St Germain 1l (84—72 ka) (Guiter et al.
2003); Gl 21 (Wohlfarth, 2013); NAW 21 (Helmens, 2014); Gl 21.1e-19.2, 84.8-72.3 ka
(Rasmussen et al. 2014)) of the Early Glacial (Fig. 3.38). However, the OSL ages of the lower
samples do not show the expected age increase with depth and the lowermost sample may

underestimate the true age of sediment deposition.

The soil characteristics indicate brunification processes and Bw horizons represent most likely
(several phases of) Cambisol formation. The decreasing weathering intensity along with
increasing silt contents suggest a change from more humid to drier and cooler climate
conditions for the interstadial phases of the Early Glacial period. The infilled biopores in these
Bwck horizons reflect these climate oscillations, too. The vegetation is described to having
alternated between coniferous forest (Pinus, Picea), open boreal forest and open steppe-
tundra vegetation during the stadial phases and temperate deciduous forest (Carpinus,
Corylus and Quercus) during interstadial phases (Beaulieu and Reille, 1984a; Reille and
Beaulieu, 1989; Allen et al. 1999; Guiter et al. 2003). We presume, that biopores were
introduced during the interstadial phases and when the vegetation cover changed to an open
forest loess material was leached into former biopores. Such leaching may well explain, why

the OSL ages do not show the expected increase with depth.

Our assumptions agree with the observations from LPS from SE France (Durance valley)
(Bonifay, 1965). Bonifay (1965) describes a lower reddish and an upper orange mixture of soil
sediment and loess (local units Wirmian | A and | B), separated by a thin, and weakly
decalcified red soil. He assumes a temperate climate with seasonal changes of intense

precipitation and strong aridity (Bonifay, 1965). Croatian LPS from Susak Island display a thick
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orange-brown palaeosol, correlated to the late MIS 5/MIS 4, too (Mikul€i¢ Pavlakovi¢ et al.
2011; Wacha et al. 2011a). The orange-brown palaeosol has similar characteristics (i.e. small
carbonate concretions and vertical biopores up to few cm in length filled with secondary
carbonate, (Wacha et al. 2011b) as the Bwck horizons at Collias. In Italian sections, the Early
Glacial is represented by colluvial deposits, which show characteristics of the underlying
Eemian soil and the overlying loess; at the section Bagaggera they were classified as a
yellowish brown Bt horizon (Cremaschi et al. 1990; Ferraro et al. 2004). Rose et al. (1999)
described also two brown soil formations for Early Glacial phases at LPS of Mallorca In
contrast, Gunster (1999) describes for the Granada basin grey and greyish brown soils
(Vertisol like), separated by humic sediments and were formed under a steppe vegetation
(Gunster et al. 2001). We assume, that with the beginning climate deterioration soil forming
conditions in the NE region of the Mediterranean, especially at lower altitudes and in valleys
and basins were still humid enough for brunification or clay illuviation processes (to proceed),

compared to already drier conditions at higher altitudes of the Granada basin.

3.4.3 Lower Pleniglacial horizons (MIS 4, 71-57 ka)

The colluvial horizons at the base of the lower loess horizons at Collias-Wood (7 BCck1) and
Collias-South_D112 (3 BCck2-3) represent transition horizons from the MIS 5 to MIS 4 or a
period of reworking during the early MIS 4. We tentatively suggest the Ognon 1 and/or 2
interstadial, or rather an associated transition from an interstadial to a stadial period, as these
times of pronounced environmental change are especially prone to landscape destabilisation
and sediment reworking. Yet, the temporal position at least of the Ognon | interstadial is
contentious. While traditionally it has been associated with MIS 4, a temporal placement at the
end of MIS 5 appears more likely (for details cf. Wohlfarth, 2013; Helmens, 2014). Anyway,
with respect to the INTIMATE-stratigraphy we would consider Gl 19.2-19.1 (Ognon 2: Gl 19,
(Wohlfarth, 2013); NAW 19, (Helmens, 2014)), as likely interstadials , not excluding Gl 20
(NAW 20, Helmens 2013; Gl 20 Wohlfarth, 2013) with respect to a possible placement of the
interstadial Ognon 1 in MIS 5a (Gl 20c—20a, 76.4-74.1 ka; Gl 19.2-19.1, 72.3-69.4 ka; Gl 18,
64.1-63.8 ka (Rasmussen et al. 2014)). The horizon contains loess with pre-weathered
material from the underlying pedo-complex, which underwent intense reworking, most likely

through slope wash processes.

The centre values of ca 55 ka of the OSL ages for the sediment deposition of the overlying
horizons (6 Cck/Bwck and 5 Bwck/Cck at Collias-Wood; Cck and 2 Cck/Bwck1-4 at Collias-
South_D112) point to the early Middle Pleniglacial (early MIS 3). However, within error margins
the ages (55.5 + 4.4 ka; 55.1 £ 4.1 ka) cover a range between 59.9 ka and 51.0 ka, which also
cover the latest MIS 4. Therefore, the respective horizons are vaguely attributed to the MIS

4/beginning of the MIS 3 in accordance with Bosq et al. (2020b). The sediment has a coarse
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sandy loam to loamy sand texture, which generally suggests increased aridity and wind
intensity, as it is also reported from sections of Italy and Croatia (Tricart, 1952; Cremaschi,
1990a, 1990b, 2015; Wacha et al. 2011a; Zhang et al. 2018; Bosq et al. 2020b). However, the
olivish colour rather suggests a proximal source (Miocene greenish sandstone) of sediment
supply, which could also imply non-aeolian processes, such as slope wash. Furthermore, it is
assumed, that observed interlaced gravel (angularly shape) lenses are due to frost weathering
and subsequent slope wash processes during seasonal climate amelioration (Tricart, 1952;
Bourdier, 1958; Bosq et al. 2020b). Similar observations are described from Croatian and
Italian LPS (Cremaschi, 1990a, 1990b; Ferraro et al. 2004). So far, these lenses present the
only feature, which can be directly related to frost activity. The lenses appear at Collias-
South_D112 as continuous layers and their thickness as well as size of contained rock
fragments increases, following the (palaeo-)relief in the downslope direction (Tricart, 1952).
Changing moisture conditions are marked by abundant Mn coatings and soft carbonate
nodules in the horizons (Table A3.11). We conclude, that the climate for the MIS 4 was cold
and dry, leading to seasonal frost activity and sediment accumulation (loess and fine sands;
aeolian input and subsequent local reworking). The indicated run off processes suggest slight
climate ameliorations, which may possibly correlate with the interstadial events of Gl 17-15
(Gl 17.2-15.1, 59.4-54.9 ka, Rasmussen et al. 2014). Within error margins of the OSL data
also Gl 14 would be possible, but the character of the interstadial succession changes from
short-term to longer-term ameliorations starting with GI 14. We would consider repeated
environmental changes from interstadial to stadial conditions favouring geomorphic activity,

and longer-term interstadials favourable for more intense soil formation (cf. section 3.5.3).

3.4.4 Middle Pleniglacial horizons (MIS 3, 57-29 kalsietzi et al (2005)/33 K gRailsbeck et al. (2015),
Railsback (2021))

The MIS 3 is marked by millennial-scaled climate changes (Voelker, 2002; Kjellstrom et al.
2010). The interstadials in terrestrial archives are termed as (i) Pile-(Moershoofd) complex,
starting at the ending Lower Pleniglacial/beginning Middle Pleniglacial (GIS 16-14 (Helmens,
2013); Gl 16.2-144a, 58.3-49.6 ka (Rasmussen et al. 2014)), (ii) Charbon (Hengelo) (GIS 11/12
(Helmens, 2013); Gl 12c-11, 46.9-42.2 ka (Rasmussen et al. 2014)) and (ii) Grand Bois
(Denekamp) complex (GIS 8 (Helmens, 2013); Gl 8c—8a, 38.2—-36.6 ka (Rasmussen et al.
2014)). The Cambisol remain (4 Bwck1 at Collias-Wood; Bwck at Collias-South_D112) imply
at least one soil formation phase. The OSL ages of 55.1 + 4.1 ka and 38.5 + 2.5 ka below and
above the remain span the maximum timeframe for the soil formation between ca 59 ka and
ca 36 ka (Gl 17.2—-8a: 59.4-36.6 ka; start of Gl 7c at 35.5 ka) already outside the time window;
(Rasmussen et al. 2014) (Fig. 3.33). The time window matches the Pile complex and/or the
Charbon interstadial. This period is characterised by a succession of long-lasting interstadial

periods favouring soil formation, interrupted by short-lasting stadials (<1 ka; exceptions GS 13,
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GS 9; corresponding to Heinrich (H) 5 and H 4 events, respectively, e.g. (Guillevic et al. 2014;
Goldstein and Hemming, 2014), which may well explain the significant (possibly repeated)
truncation of the palaeosol remain, often down to the large carbonate nodules, which largely

increase the threshold of erosivity.

Tricart (1952) suggests that the cambic soil formation at Collias must have taken place under
similar climate conditions as today as the soils show similar characteristics. Other archives of
SE France also suggest comparable climate conditions to the recent ones (Magnin and
Bonnet, 2014; Ollivier et al. 2014). However, observed large carbonate nodules of the MIS 3
soil are missing in the Holocene soil which may suggests more humid conditions for the early
MIS 3. Thus, we presume for Collias less pronounced climatic shifts between stadial and
interstadial phases with increased humidity during the early (and middle) MIS 3, resulting in
one thick polygenetic (and subsequently truncated) Cambisol. In other words, we assume
moderate accumulation of loess under humid conditions during stadial phases, which allowed
pre-weathering in form of efficient carbonate leaching also during the stadial phases, and
brunification during the interstadial phases. Along with the soil formation the biopore system
was firstly introduced by intense rooting of (the described) mixed temperate forests (Quercus,
Carpinus, Abies, Picea) during the interstadials as described by Beaudouin et al. (2007) and
Ollivier et al. (2014). The subsequent climate deterioration seems to introduce more severe
(cold and drier) conditions for the following middle to late MIS 3 time (likely from GS 9 or GS
8, if soil formation lasted until GI 8, to GS 6 (in the system of Railsback et al. (2015)) or GS
5.1; in the system of Lisiecki and Raymo (2005), respectively). This led to the truncation of the
palaeosol and induced the observed patchy sediment in-mixture. Tricart (1952) attributes the
patchy character of the horizon to cryogen processes. He defines it as a “Brodelboden”, a
result of refreezing of the active layer in a periglacial environment resulting in a pocket-like
appearance of the material that freeze (last) between the upper and lower progressing frost
fronts. However, our field observations did not give any evidence for cryoturbation processes.
We assume, his description of the lower cryoturbation pockets fits to the observed large infilled

biopores (sect. 3.3.6).

The interstadial phases of MIS 3 are represented mainly in northern Mediterranean LPS by
several independent and/or polygenetic brown to brown-reddish soil horizons, separated by
loess deposits accumulated during stadial phases (Bonifay, 1965; Brosche and Walther, 1977;
Gunster et al. 2001; Wacha et al. 2011a; Zhang et al. 2018; Bosq et al. 2020b) (Fig. 3.39). In
the northern Rhone Rift Valley, Franc et al. (2017) observed a polygenetic, yellow-brown Bw
horizon deposited ca between 51 ka and 35 ka. Glinster (1999) describes up to three brown
soil formations, which he correlated with the three described (above) interstadials from

terrestrial archives. In NW Croatian LPS, two thick brown horizons, possibly correlated with
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the Charbon or Grand Bois interstadials are followed by several thin brown horizons, correlated
to late MIS 3 (Wacha et al. 2011a, 2011b). At the Bagaggera section in the Po Valley (Italy),
the formation of an Alfisol of pre-weathered loess sediment (WRB: Luvisol, (FAO, 2006)), was
correlated with the Charbon interstadial, reflecting wetter temperate conditions compared to
other sections (Cremaschi et al. 1990). In contrast, the LPS of Val Sorda (Italy) and the upper
part of the LPS of Susak island (Croatia), display organic-rich palaeosols (according to Bognar
et al. (2003) and Ferraro (2009) Chernozem-type soils), which rather suggest a colder and
drier climate (Cremaschi, 1990a; Ferraro et al. 2004; Ferraro, 2009). However, it is also
hypothesised that high organic carbon contents were caused by wildfires rather than
decelerated decomposition of litter due to drier climatic conditions (Fedoroff and Courty, 2013;
Cremaschi et al. 2015).

Ebro Valley Mallorca Island Perpignan Lautagne Bagaggera Monte Netto Val Sorda

(NE Spain) (E Spain) (SW France)  (SE France) (N Italy) (N Italy) (N Italy)
q 3 E’ A, B horizon with redox features
[’ Calcisol
- grey/greyish-brown Ah
- organic-rich B horizon
D colluvic material
D loess (sediment)
weak (brown) soil horizon
| l:] orange-brown Bw horizon
= D (dune) sand
- Bw horizon, brown soil, Cambisol
- Bt horizon, Luvisol
. rubefied/chromic Bw horizon
B¥%  rubefied/chromic Bt horizon
D petrocalcic horizon
B3

fluvioglacial deposits

@ Cretaceous limestone

Formes & Mald Alcoy Collias Durance Valley Savudrija Susak Island I Susak Island 11
(SE Spain) (SE Spain) (SE France) (SE France) (NW Croatia) (NW Croatia)  (NW Croatia)

MIS
MIS

Figure 3.39: Selected generalised and simplified loess-palaeosol sections emphasising on palaeosol
formation within the NW Mediterranean region. A) LPS of Formes and Mala from Granada basin (855—
900 m a.s.l.), mean annual temperature (MAT): 15 °C, mean annual precipitation (MAP): >500 mm, 4
arid months (Gunster, 1999; Gunster et al., 2001). B) LPS of Alcoy (660 m a.s.l.), MAT: 14 °C, MAP:
506 mm, 4 arid months (Brosche and Walther, 1977). C) LPS of Ebro Valley (18-390 m a.s.l.), MAT: 15
°C; MAP: 300-400 mm, 2 arid months (Boixadera et al. 2015). D) LPS of Mallorca Island (5 m a.s.l.),
MAT. 17 °C, MAP: 500 mm, 5 arid months (Rose et al. 1999). E) LPS of Perpignan (65 m a.s.l.) MAT:
15 °C, MAP: 586 mm, 4 arid months (Brosche and Walther, 1977). F) LPS of Collias (106 m a.s.l.), MAT:
15 °C, MAP: 763 mm, 3 arid months (Tricart, 1952; Bonifay, 1965; Bosq et al. 2020b). G) LPS of
Lautagne (177 m a.s.l.), MAT: 13 °C, MAP: 923 mm, 2 arid months (Bosq et al., 2020b). H) LPS of
Durance Valley (213 m a.s.l.), MAT: 13 °C, MAP: 640 mm, 3 arid months (Bourdier, 1958; Bonifay,
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1965). 1) LPS of Bagaggera (260 m a.s.l.), MAT: 13 °C, MAP: 1314 mm, no arid months, (Cremaschi et
al. 1990). J) LPS of Monte Netto (200 m a.s.l.), MAT: 13 °C, MAP: 1310 mm, no arid months (Zerboni
et al. 2015). K) LPS of Val Sorda (220 m a.s.l.), MAT: 12 °C, MAP: 830 mm, 1 arid month (Ferraro et
al., 2004; Ferraro, 2009). L) LPS of Savudrija (1 m a.s.l.), MAT: 14 °C, MAP: 1049 mm, 1 arid month
(Zhang et al. 2018). M) LPS of Susak Island (0 m a.s.l.), MAT: 14 °C, MAP: 992 mm, 3 arid months,
Susak Island | (Cremaschi, 1990b), Susak Island Il (Wacha et al. 2011a, 2011b; Durn, 2003; Durn et al.
2018a; Bognar et al. 2003; Mikul¢i¢ Pavlakovic et al. 2011) (Data: map of northern Mediterranean region
based on SRTM-data, https://www?2.jpl.nasa.gov/srtm/, accessed: 18 March 2021).

Thus, the observed brown soil formation(s) of the early to middle MIS 3 supports the above
assumed less pronounced climatic shifts and more stable humid conditions for the beginning
of the Middle Pleniglacial. Additionally, similarly large carbonate nodules in NE Spanish LPS,
although without confirmed formation ages and small, but abundant carbonate nodules in
Savudrija LPS, NW Croatia coincide with nodules of Collias and assumed higher humidity
(Brosche and Walther, 1977; Boixadera et al. 2015; Zhang et al. 2018). The diversity of soil
formation intensity during MIS 3 can be explained by the geographic (altitude, topography),
climatic and vegetational heterogeneity. More specific, soils of LPS located at higher altitudes
(SE Spain) or at more continental positions (NE Italy, NW Croatia) may have formed under
colder and/or drier conditions compared to soils of SE France or NE Spain (Bognar et al. 2003;
Suri¢ and Juraci¢, 2010).

The late MIS 3, like the following MIS 2, is marked by the main phase of loess accumulation
at the Collias LPS (ca 4 m of altogether 8.5 m of the LPS; cf. also Bosq et al. 2020b). In contrast
to above Mediterranean LPS, which exhibit two or more palaeosols, no other MIS 3 palaeosols
were observed at Collias. As we assume, the Cambisol remains (4 Bwck and 3 BCck/Bw
horizons at Collias-Wood) are part of a polygenetic soil complex including all interstadial soil
formation phases before ca 38 ka. So far, no indications (e.g. relocated soil material in overlain
2 BCk2 horizon in Collias-Wood) for a Cambisol formation after 38 ka was found. Although,
the overlain BCk horizons (2 BCk2 horizon of Collias-Wood, 2 BCk 3 horizon of Collias-North)
indicate climate conditions intense enough to introduced slight weathering, within the general

shift to colder and drier conditions.

3.4.5 Upper Pleniglacial (MIS 2, 33-15 ka)

The 2 BCk2 horizon of Collias-Wood was dated between 37.3 £ 4.1 ka and 23.8 + 1.7 ka,
placing it between the late MIS 3 and the early MIS 2, likely before the LGM. The horizons of
Collias-Wood and Collias-North display abundant bioturbation and weak not depth-related
weathering (weak structure, constant carbonate content, similar weathering indices as
underlying horizons), which is explained by syn-sedimentary processes of coarse loess
accumulation, contemporaneous carbonate leaching and an on-growing open wooded
vegetation cover (Pye, 1995). Thicker loess deposits in the Po Valley for the late MIS 3, and

main loess accumulation phases (late MIS 3 to MIS 2) of SE France, E Spain and NW Croatia
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also indicate more pronounced shifts to colder and drier conditions (Wacha et al. 2011b;
Boixadera et al. 2015; Costantini et al. 2018; Bosq et al. 2020b) (Fig. 3.39).

With the ongoing MIS 2, we assume, cold and mainly dry conditions, which are required for
loess accumulation, but with respect to seasonality, allowing run-off processes, which
redeposited pre-weathered material especially at the foot slopes. Furthermore, we suggest
sufficient temperature and humidity for the existence of an open wooded vegetation and
possibly even for a tree refugia of a temperate forest vegetation. Local tree refugia with
temperate to Mediterranean forest taxa (Acer, Taxus, Arbutus, Buxus, Ulmus, Phyllirea,
Pistacia, Olea) were observed in all northern Mediterranean pollen sequences (Beaulieu et al.
2005; Gonzalez-Sampériz et al. 2005; Suri¢ and Juraci¢, 2010; Guido et al. 2020). Pollen
sequences of Les Echets (northern Rhéne Rift Valley) also indicate arboreal pollen deposits
of Pinus, Alnus, Quercus, Abies and Picea, suggesting tree refugia, which coincide with a
pollen record from the Gulf of Lion indicating the presence of Abies, Picea and deciduous
Quercus (Beaulieu and Reille, 1984a; Beaudouin et al. 2007; Ollivier et al. 2014). The
hypothesis of a refugia position is supported by the fact, that no frost related features (i.e. platy
structure, micro cracks) were observed in the upper horizons of the Collias sections. However,
close to Collias, various frost features were observed (Arnal, 1971; Bornand, 1978; Ollivier et
al. 2014), indicating at least strong seasonal frost and/or spatially sporadic permafrost during
the LGM (Bertran et al. 2014; Andrieux et al. 2016). This would also agree with Andrieux et al.
(2016), who reconstructed the southern limit of continuous permafrost during the LGM at 47°
N and of discontinuous permafrost at 45—44° N. Furthermore, the LPS of Lautagne displays
weakly developed Ag-horizons with redox features dated to MIS 2 (30.7 + 2.4 to 21.8 + 1.8 ka;
GS 5.2-2.1). On the one hand, it is possible that soil features were destroyed and/or
camouflaged by the Holocene soil formation (Berger-Levrault, 1968; Bertran et al. 2014). On
the other hand, a possible refugia situation of the Collias profiles may be attributed to their
geographical position, as the western Alpine ice cap extent was limited to the north-eastern
flank of the Rhone Rift Valley, restricting the spatial occurrence of frost dynamics (Coutterand
et al. 2009; Bosq et al. 2018).

This interpretation coincides with observed frost wedges and laminated zones in LPS of
Quincieux at the northern Rhéne Rift Valley (Franc et al. 2017). For the MIS 2 at NE Spain
weak Bw(k) horizons and very few Ab horizons were recorded and also Croatian LPS display
moderately weathered loess with a brown soil development, but no frost related features were
observed (Cremaschi, 1990a; Wacha et al. 2011a; Boixadera et al. 2015; Zerboni et al. 2015;
Zhang et al. 2018). MIS 2 soil features in Italian LPS were not reported, but loess of the
Bagaggera section displays similar characteristics as the BCk horizons of Collias according to

Cremaschi (1990a) induced by solifluction processes and mild pedogenetic activity (biological),
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guasi-contemporary with the loess deposition. Frost related features were observed in Italian
LPS, but restricted to the beginning of the Upper Pleniglacial and related to seasonal deep ice
lensing or freezing rather than permafrost (Cremaschi and van Vliet-Lanog&, 1990; Kiihn et al.
2006; Cremaschi et al. 2015). In contrast, Gunster et al. (2001) describe a soil complex with
up to three weakly developed slightly pseudogleyic palaeosols, indicating periodic frost action
under relatively low temperatures, which can be explained by the altitude of the LPS, favouring

more severe conditions compared to the other sections.

3.4.6 Recent soil formation (MIS 1, 14-0 ka)

The recent soil formation at Collias-Wood and Collias-North is characterised by up to four
colluvial Bw horizons, including a former Ap horizon at Collias-North. The horizons display
weathering characteristics, containing primary carbonate and thus are classified as Cambisol,
which agrees with the Calcosol type (WRB: calcic Cambisol) of the regional soil map
(Languedoc-Roussillon; (GisSol, 1999; Legros, 2006). For understanding and interpreting
palaeoclimatic conditions, the recent soil type may provide valuable information. However, the
classification is challenging due to the lack of recent in situ soil profiles and the long intense
anthropogenic use. Especially, the planation of the agriculturally used terrain and the creation
of terraces, including known fire clearance destroyed the natural soil horizons and features
(Berger-Levrault, 1968).

Described Holocene soil types originating from loess parent material range in the
Mediterranean region from Calcisols (NE Spain) to Cambisols (SE Spain, SE France, NW
Croatia) and (chromic) Luvisols (SE France, N Italy, NW Croatia) (Brosche and Walther, 1977,
Cremaschi et al. 1990; Jamagne et al. 2011; Basi¢, 2013; Boixadera et al. 2015; Cremaschi et
al. 2015). The possible increase of soil intensity from the NW to the NE in the northern
Mediterranean region, would agree with the recent climate conditions, showing an increase in
MAP. However, the anthropogenic influence in these LPS needs to be taken into account, as,
e.g., the agriculturally used soils of Susak island are commonly classified as Regosols (Durn
et al. 2018b). The influence of pre-weathered and colluvial loess as parent material as well as

the different primary carbonate varying content must be considered, too.

Actually, the present conditions in the Mediterranean region (e.g. MAP, time, porosity of the
parent material) are favourable for Luvisol development on loess (Quénard et al. 2011).
Possible explanations for the missing argic horizon are that it (i) was destroyed through soil
erosion and colluvial processes, (ii) was thwarted by anthropogenic influence, (iii) did not
develop, because rainfall does not exceed evapotranspiration. Although, none of the
explanations can be rejected, we assume the latter statement suits the Collias sections. The

negative amount of annual effective rainfall (-383 mm, (Meteo-France, 2022d, 2022¢)) does
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not fulfil the required conditions for a Luvisol development and coincides with the determined

in situ Cambisol (type).

We conclude, that the Cambisol type, along with the absence of secondary carbonates as well
as missing rubefication originates from less recent precipitation as compared to the assumed
more humid conditions for the Eemian (MIS 5e) and the interstadial phases of the early MIS 3.
Although the Eemian is described to have lasted somewhat longer (approx. 17.000-18.000
years), than the ongoing Holocene, it is unlikely that the Cambisol will develop into a Luvisol
with the present conditions prevailing (Bronger, 1976; Kukla et al. 2002; Guiter et al. 2003). It
is rather likely, that assumed future increase of precipitation intensity and temperature effects
less the soil moisture regime, but results in intense soil erosion. Thus, these soils are highly
vulnerable to degradation and consequently at risk for their future agriculture potential (Garcia-
Ruiz et al. 2013).

3.5 Conclusions

In this study, the palaeosols of the Collias profiles were used to reconstruct the (local)
palaeoenvironmental conditions supplementing the regional palaeoenvironmental picture of
the Last Interglacial-Glacial period of SE France. The sections support the complex character
of palaeosols and soil sediments of Mediterranean LPS and following conclusions can be

drawn:

1) The Last Interglacial (Eemian, MIS 5e) climate conditions were warm and humid
(with occurrence of arid months) enough to allow a Chromic Luvisol development with a thick
underlying calcrete and under sclerophyllous vegetation. The Early Glacial (MIS 5d-5a) was
marked by shifts between cold and drier (intense erosion and loess accumulation) and humid
temperate conditions, forming Cambisols out of former colluvial soil sediments during
terrestrial interstadial phases of St Germain | (Gl 24.1c-22a) and St Germain Il (Gl 21.1e—

19.2) under a deciduous forest vegetation.

2) The Lower Pleniglacial (MIS 4) was marked by the most severe (dry and cold)
climate conditions without any soil formation, but with seasonal shifts (tentatively Gl 17-15) in

the moisture regime, allowing an open wooded vegetation.

3) The Middle Pleniglacial (MIS 3) was marked by less pronounced climate shifts
with more humid conditions, allowing syn-sedimentary processes forming a Cambisol-
complex, which correlates with the terrestrial Pile (Moershoofd) interstadial complex (Gl 16.2—
14a) and/or Charbon (Hengelo) (Gl 12c—11) interstadial. Furthermore, humidity was sufficient
for the development of a deciduous forest cover and prominent large carbonate concretions,
acting as a marker horizon in the Collias sections. The late MIS 3 was characterised by more

pronounced climate shifts with drier conditions reflected by increased loess accumulation.
106



4) The Upper Pleniglacial (MIS 2) is marked by cold and arid conditions, but no
periglacial features were observed so that the site may have served as a tree refugia. Syn-
sedimentary slight carbonate leaching occurred most likely under an open wooded vegetation

cover.

5) The recent (MIS 1) Mediterranean climate is also warm, but humidity only

suffices for a Cambisol formation.

The soil formation phases during the major climatic ameliorations likely coincide with those of
the LPS of SE Spain, N Italy and NW Croatia. However, the climatic W-E trend (more
continental positions) as well as the varying altitudes of the LPS, lead to differences in the soil
forming intensity and characteristics. The Last Interglacial is present in all LPS generally by a
Chromic Luvisol, indicating more humid Mediterranean conditions. In contrast, considering the
anthropogenic influence, the recent Mediterranean conditions seem to be more differentiated
as higher evapotranspiration in SE France does not support Chromic Luvisol formation in
loessic parent material. Furthermore, enhanced run-off process induced by predicted increase
of precipitation intensity and temperature may be expected for this region. The Early Glacial
soils differ both from a Cambisol formation (SE France, N Italy, Mallorca Island, NW Croatia)
and from steppic, organic-rich soils (SE Spain, N Italy). Most of these LPS display no soil
developments for the Lower Pleniglacial. The Middle Pleniglacial soils are mostly presented
by two up to six Cambisols of different weathering intensity and thickness. Chernozem sail-
types were observed in LPS of N Italy and NW Croatia. Luvisol formation described for the
Bagaggera section (N Italy) can be explained by the pre-weathered polygenetic character of
the sediment. The Upper Pleniglacial sediments are partly characterised by frost related
features (SE Spain, SE France, N ltaly), but permafrost in form of gleyic soils was only

observed in the high basin of Granada.
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Appendix
A3.3 Results of Collias LPS

Table A3.11: Main characteristics and observations of horizons of Collias profiles, Rhone Rift Valley, SE
France according to FAO (2006) (size of carbonate nodules: large: >20 cm long, >10 cm wide; small:
<5 cm long, <4 cm wide), n.d. = not detected. WE = earthworm channels; WC = earthworm casts; PM

= pseudomycelia; Mn = manganese. OSL ages described in Bosq et al. (2020b).

Depth [cm] Horizon Main characteristics Carbonates
Collias-Wood
0-120 Ah; Bwl; Ah2; 4 several colluvial layers interlace by former Ah  n.d.
Bw2: Bw3: horizons; brown-orange colour matrix with
increasing orange part, former Ah3 in reworked
Bw4 sediment of Bw4
120-200 2 BCk1 clear, smooth boundary; brown (10 YR 4/4) to PM
grey-brown (10 YR 5/3) colour; SiL texture;
moderate, fine and coarse subangular blocky
structure; earthworm faeces; abundant WC;
strongly rooted
200-360 2 BCk2 gradual, smooth boundary; brown (10 YR 4/6) to  increase of PM within depth
(OSL ages light brown (10.YR 5/4) colour; SiL texture; size
238+17ka of moderate, fine, subangular blocky structure
e decreases to coherent structure within depth;
37.3+4.1ka dark brown root channels
38.5+ 4.4 ka)
360-400/410 3 BCck/Bwck clear, wavy boundary; yellow-brown (BCkc) (10 in situ carbonate nodules in
YR 5/6) and brown (Bwkc) (10 YR 4/6) colour; former root channels; PM
SiL texture; weak and moderate, fine and only BCkc
coarse, subangular blocky structure
400/410-460 4 Bwckl clear, wavy boundary; yellow-brown (10 YR 5/6) large in situ carbonate
colour with brown tongues (10 YR 4/6); SiL nodules; precipitated in
texture; moderate, fine to coarse, subangular brown tongues and horizon;
blocky structure few PM
460-527 5 Bwck/Cck abrupt, smooth boundary; yellow-olive sediment large in situ carbonate
(OSL age (Cke) (2.5 Y 4/6) with brown tongugs (Bwkc) (10  nodules .penetrating from
5.1+ 4.1 ka) YR 5/6); SiL texture; Cck: massive structure, upper horizon;
e Bwck: moderate, fine and medium subangular PM only in Bwck
blocky structure; gravel lenses from 460-465 &
523-527 cm, red fine-sand lenses
527-570 6 Cck/Bwck gradual, wavy boundary; yellow-olivish in situ carbonate nodules;
(OSL age sediment (Ckc) (2.5 Y 4/6) with brown tongues few PM only in brown
5.5 + 4.4 ka) (Bwck) (10 YR 5/6); SiL texture; massive tongues; very fine, rounded
o structure; red fine-sand lenses Mn soft concretions
570-600 7 BCckl clear, smooth boundary; brown-olive-ish (2.5 Y dislocated carbonate
3/3) colour; SiL texture; moderate, fine to nodules and penetrated by
coarse, angular and subangular blocky structure  upper in situ carbonate
concretions; partly carbonate
encrusted former root
channels; PM; very fine,
rounded Mn soft concretions
600-635/640 8 Bwck2 clear, wavy boundary; brown colour (10 YR 4/4);  dislocated carbonate
SiL texture; moderate, fine to coarse, nodules, carbonate
subangular blocky structure; reddish, encrusted former root
fragmented soil aggregates; gravel lens 640 cm  channels; PM; very fine,
depth rounded Mn soft concretions
635/640-660 8 Bwck3 clear, wavy boundary; brown-orange colour (7.5 few large in situ carbonate
OSL age YR 4/6); SiL texture; moderate, fine to coarse, nodules; PM
82.8+7.2 ka angular and subangular blocky structure; very
o few faint clay and few prominent Mn coatings
660-30 8 Bwck4 gradual, irregular boundary; orange colour (5 small in situ carbonate
YR 4/4); CL texture; weak to moderate, fine to  nodules, carbonate
coarse, subangular blocky structure; very few encrusted former root
prominent Mn coatings channels; PM
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730-790 9 Bwck5 gradual, smooth boundary; patchy orange-red small in situ carbonate
(OSL age colour (5 YR 4/6); CL texture; moderate, coarse  nodules, carbonate
87.1+ 6.5 ka) subangular blocky structure; very few faint clay encrusted former root

e and few prominent Mn coatings; recent roots channels

790-850 9 Bw5 abrupt, wavy boundary; red colour (5 YR 3/6); small in situ carbonate
(OSL age CL to SiCL texture; strong, coarse, angular and  nodules, carbonate
78.9 + 6.7 ka) subangular blocky structure; very few distinct encrusted former root

e clay and few prominent Mn coatings; recent and  channels (15 mm width)
former roots (10 YR 6/4)

850-900+ 9 Bkm white-grey petrocalcic horizon

Collias-North_D112

+50 BCck clear, smooth boundary; light yellow-brown in situ calcic nodules
colour (10 YR 6/4); CL texture; massive concretions
structure

50-130 2 Bwck gradual, smooth boundary; brown-orange colour in situ calcic carbonate
(7.5 YR 4/6); CL texture; massive structure nodules; PM; disperse

powdery lime

130-155 3 Btck gradual, smooth boundary; orange-red (5 YR small in situ calcic carbonate
3/6) C texture; moderate to strong, fine and nodules; PM; calcic soft
medium, angular blocky structure; many faint concretions
clay and few faint Mn coatings

155-180 3Bt abrupt, smooth boundary; red colour (2.5 YR calcic soft concretions
3/6); C texture; strong, fine, angular blocky to
prismatic structure; abundant distinct clay and
Mn coatings

180+ 4 Bkm white-grey petrocalcic horizon

Collias-South_D122

+40 Bwck gradual, smooth boundary; brown colour (10 YR in situ calcic carbonate
4/6); L texture; massive texture nodules; PM

40-70 BCck1l gradual, smooth boundary; light brown colour in situ calcic carbonate
(10 YR 5/4); L texture; massive structure nodules; PM

70-120 Cck clear, smooth boundary; light yellow-brown large in situ calcic carbonate
colour (10 YR 6/4); L texture; massive structure; nodules

120-160 2 Cck/Bwck1 gradual, smooth boundary; olive-ish colour (2.5 in situ calcic carbonate
Y 5/4) with small brown root channels (Bwck); nodules
SL texture; massive to single grain structure;

160-195 2 Cck/Bwck2 clear, smooth boundary; olive-ish colour (2.5 YR  (in situ) horizontal orientated
5/3) with small brown root channels (Bwck); LS calcic carbonate nodules,
texture; massive to single grain structure; small calcic root tubules

195-215 2 Cck/Bwck3 gradual, smooth boundary; olive-ish colour (2.5 (in situ) horizontal orientated
Y 5/4) with small brown root channels (Bwck); calcic carbonate nodules;
SL texture at the bottom coarser material; small calcic root tubules
massive to single grain structure;

215-230 2 Cck/Bwck4 gradual, smooth boundary; olive-ish colour (2.5 in situ calcic carbonate
Y 5/4) with small brown root channels (Bwck); nodules of various sizes;
SiL texture; massive structure; few distinct Mn  calcic soft concretions
coatings;

230-285 3 BCck2 clear, smooth boundary; olive-ish colour (2.5Y in situ calcic carbonate
5/4) changing to brown-yellow with increasing nodules of various sizes;
depth (10 YR 5/3) and small brown root calcic soft concretions
channels; L to SL texture; massive structure;
few distinct Mn coatings

285-340 3 BCck3 clear, smooth boundary; olive-ish colour (2.5Y in situ calcic carbonate
5/4); SiL texture few distinct Mn coatings nodules of various sizes

340-350 4 Bck abrupt, wavy boundary; light brown colour (10 small in situ calcic carbonate
YR 5/4); SiL texture; massive structure; few nodules; calcic soft
distinct Mn coatings concretions

350-400 4 Bckm yellow-brown colour (10 YR 6/4); SiCL to SiL  carbonate cemented
texture; massive structure

400+ 5 Bkm white-grey petrocalcic horizon -

Collias-North

0-10 Ah clear, wavy boundary; dark brown colour (10 YR  none

2/3); CL texture; strong, very fine and fine,
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subangular blocky structure; abundant root
channels

10-75 Bw gradual, smooth boundary; brown colour (n.d.); none
(not sampled) texture (n.d.); moderate, medium and course,
subangular blocky structure; abundant distinct
clay coatings; abundant dark brown root
channels; WE
75-90 2 Apb clear, smooth boundary; dark brown colour (10 none
YR 3/4); CL texture; moderate, fine and
medium, angular and subangular blocky
structure; abundant distinct clay coatings;
abundant brown root channels; WE; WC
90-110 2 BCk1 gradual, smooth boundary; brown colour (YR 10 PM
4/4); CL texture; moderate, medium and coarse,
angular and subangular blocky structure;
abundant distinct clay coatings; abundant brown
root channels
110-128 2 BCk2 gradual, smooth boundary; light brown colour PM
(10 YR 5/4); CL texture; moderate, fine and
medium, angular and subangular blocky
structure; many faint clay coatings; abundant
brown root channels
128-220 2 BCk3 clear, wavy boundary; grey-brown colour (10 YR PM
5/3); CL texture; moderate, fine and medium,
angular and subangular blocky structure; many
faint clay coatings; abundant brown root
channels
220-285 3 BCckl clear, smooth boundary; yellow-brown colour carbonate nodules; disperse
(10 YR 5/6); L texture; massive structure; powdery lime
abundant brow root channels; 230-240 cm
gravel lens
285-312 3 BCck2 clear, smooth boundary; light brown colour (10 carbonate nodules; disperse
YR 5/4); L texture; massive structure; brown root  powdery lime
channels
312-350 3 BCck3 clear, smooth boundary; yellow-brown colour large in situ carbonate
(10 YR 5/6); L texture; massive structure; nodules; PM;  disperse
common faint clay coatings; brown root powdery lime
channels
350-387 3 Cck clear, wavy boundary; olive-ish colour (2.5 Y large in situ carbonate
5/4); texture n.d.; massive structure nodules; PM; disperse
powdery lime
387-445 4 BCck4 clear, wavy boundary; yellow-olive-ish colour carbonate nodules; soft
(2.5 Y 5/6); SiL texture; moderate, medium, concretions PM; disperse
angular blocky structure powdery lime
445-450+ 5 Ck yellow-olive-ish colour (2.5 Y 5/6); SL texture; disperse powdery lime

massive structure
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Table A3.12: Results of infilled biopores and respectively surrounding sediments of Collias-Wood LPS,
Rhéne RoftRift Valley, SE France. Particle size classes are according to FAO (2006), SOC = soil organic
content; CPA = chemical proxy of alteration; Wlver = weathering index based on the molar element

ratio).

brown ) brown ) yellow surrounding
o surrounding | | | surrounding | | | )
infilled infilled infilled soil-
) sediment of ) sediment of ) )
biopores biopores biopores sediment of
5 Bwck/Cck 6 Cck/Bwck
(465-523 (527-570 (670-710 8 Bwck4
horizon horizon )
cm depth) cm depth) cm depth) horizon
Absolute particle size distribution in wt % [um]
<2 17.14 14.61 17.0 13.69 23.55 31.55
2-20 8.87 8.83 8.33 7.01 10.12 10.08
20-63 14.24 14.29 13.91 11.7 14.28 14.81
63-125 24.82 29.16 27.56 35.16 20.29 21.18
125-200 22.46 23.63 21.98 18.48 17.64 15.08
200-630 10.74 7.26 9.84 9.35 7.51 4.86
630-1250 1.15 1.61 0.91 1.18 4.20 2.08
1250-2000 0.58 0.61 0.48 0.43 2.42 0.56
Proxies
middle sand/coarse silt ratio 0.05 0.06 0.03 0.03 0.21 0.10
clay/silt ratio 0.28 0.36 0.34 0.25 0.53 0.68
CaCOseq [wt %) 19.63 25.52 20.32 22.97 15.84 7.77
SOC [ wt %] 0.84 0.62 0.87 0.76 1.04 1.14
CPA
74 74 73 73 79 78
(100*A|203/(N620+A|203))
WIMER (Ca('
0.98 1.06 1.00 1.03 0.80 0.66
CaCOs)+Mg+Na+K)/Al
Si/Al 6.86 6.85 6.96 6.70 5.52 5.02
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Figure A3.40: Stratigraphy of Collias-North, Rhéne Rift Valley, SE France. Depth related upper curves
of: rock fragment content [wt %], grain-size fractions of sand (63—2000 um), silt (2-63 um) and clay (<2
pm), in vol %; grain-size ratio of clay/silt (<2 um/26—63 um) and grain-size fractions of and sand (fine
sand: 63—200 um, medium sand: 200—630 pum, coarse sand: 630-2000 pm), silt (fine silt: 2—6.3 pm,
medium silt: 6.3—20 um, coarse silt: 20—63 um) and clay (fine clay + medium clay: <0.63 um, coarse
clay: 0.63—-2 um). Depth related lower curves of calcic carbonate equivalents in wt %, contents of soil
organic carbon (SOC) in wt % and chemical proxy of alteration (CPA) (100*Al,Os/(Na;O+Al,O3)),
weathering index of molar element ratio (WIwver) (Ca (after subtraction of Ca in CaCOs3)+Mg+K+Na)/Al)),
Si/Al and, ratios of pedogenic to total contents of iron and manganese (Feqd/Fei, Mng/Mn;) and colours of
the CIE colour index, reflected by the parameters L*,a*, b* and ratio of a* and b*. SC: soil complex; SSC:
soil -sediment-complex.
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Figure A3.41: Stratigraphy of Collias-North_D112, Rhéne Rift Valley, SE France. Depth related upper
curves of: rock fragment content [wt %], grain-size fractions of sand (63-2000 um), silt (2—-63 um) and
clay (<2 um), in vol %; grain-size ratio of clay/silt (<2 um/26—63 pum) and grain-size fractions of and sand
(fine sand: 63—200 um, medium sand: 200—-630 um, coarse sand: 630—2000 um), silt (fine silt: 2-6.3
pm, medium silt: 6.3—20 um, coarse silt: 20—63 um) and clay (fine clay + medium clay: <0.63 um, coarse
clay: 0.63—-2 um). Depth related lower curves of calcic carbonate equivalents in wt %, contents of soil
organic carbon (SOC) in wt % and chemical proxy of alteration (CPA) (100*Al,Os/(Na;O+Al,O3)),
weathering index of molar element ratio (WIwer) (Ca (after subtraction of Ca in CaCO3)+Mg+K+Na)/Al)),
Si/Al and, ratios of pedogenic to total contents of iron and manganese (Fed/Fe:, Mng/Mn;) and colours of
the CIE colour index, reflected by the parameters L*,a*, b* and ratio of a* and b*. SC: soil complex; SSC:
soil -sediment-complex.
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Figure A3.42: Stratigraphy of Collias-South_D112, Rhéne Rift Valley, SE France. Depth related upper
curves of: rock fragment content [wt %], grain-size fractions of sand (63-2000 um), silt (2-63 um) and
clay (<2 um), in vol %; grain-size ratio of clay/silt (<2 um/26—63 pum) and grain-size fractions of and sand
(fine sand: 63—200 um, medium sand: 200—-630 um, coarse sand: 630—2000 um), silt (fine silt: 2-6.3
pm, medium silt: 6.3—20 um, coarse silt: 20—-63 um) and clay (fine clay + medium clay: <0.63 um, coarse
clay: 0.63—-2 um). Depth related lower curves of calcic carbonate equivalents in wt %, contents of soil
organic carbon (SOC) in wt % and chemical proxy of alteration (CPA) (100*Al,03s/(Na,0+AI203)),
weathering index of molar element ratio (WIwver) (Ca (after subtraction of Ca in CaCO3)+Mg+K+Na)/Al)),
Si/Al and, ratios of pedogenic to total contents of iron and manganese (Fed/Fe:, Mng/Mn;) and colours of
the CIE colour index, reflected by the parameters L*,a*, b* and ratio of a* and b*. SC: soil complex;
SSC: soil -sediment-complex.
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Abstract

Loess—palaeosol sequences (LPSs) are important archives of landscape evolution, recording
alternating periods of geomorphic activity (dust deposition and slope processes) and
landscape stability (soil formation). LPSs of the Rhbne Rift Valley are located along a spatial
climatic gradient from the mid-latitudes to the Mediterranean region. This position renders them
extremely valuable archives for correlating LPSs in the European loess belt and the
Mediterranean region. Despite this important function, Rhéne Rift Valley LPSs have been little
investigated. In this study, we aimed to narrow this knowledge gap, in a first step towards
linking LPS-based mid-latitude and Mediterranean palaeoenvironmental reconstructions. We
studied the ~ 14 m thick Baix LPS located at the western edge of the Rhéne Rift Valley near

Valence. Here, we focus on the lower ~ 7 m of the LPS, which comprises 12 of 19 soil horizons
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overall, and record regional palaeoenvironmental variations from the Eemian to the Middle
Pleniglacial (~ marine isotope stage (MIS) 5 to MIS 3). Our reconstruction is based on detailed
field description, complemented by granulometry (10 cm vertical resolution), and micro-
morphological analyses. Luminescence screening of cut-out soil-sediment columns
subsampled with ~5 cm vertical resolution (126 subsamples over 7 m) provides a preliminary
chronometry. The loess deposits of the Baix LPS are strongly calcareous and predominantly
silty but also contain sandy and fine gravelly laminae typical of loess deposits subjected to
slope-wash processes. From bottom to top, the investigated part shows three intensely
pedogenised levels: (1) a basal sequence of reddish-brown Btg and Bt horizons of a thick
Eemian Stagnic Luvisol (MIS 5e¢); (2) an Early Glacial yellowish-brown Bw horizon (MIS 5d-a);
and (3) a yellowish-brown Bw horizon with large cone-shaped carbonate nodules in the
associated underlying Bk horizon, interpreted as a truncated Middle Pleniglacial (MIS 3) Calcic
Cambisol. The Baix LPS is in parts very similar to the Collias LPS ~100 km further south but
also exhibits differences, reflecting its position at the spatial climatic transition between the

presently temperate and the Mediterranean zone.

4.1 Introduction

Loess—palaeosol sequences (LPSs) are valuable palaeoenvironmental archives, as they
preserve information on, for example, past phases of (i) deposition of dust eroded from bare
hillslopes and dried-out riverbeds and (ii) soil development and vegetation cover (e.g. Moine
et al. 2005; Markovi¢ et al. 2009; Zech et al. 2012). In Europe, LPSs of large river basins have
been intensively investigated in the mid-latitude region, e.g. in the Seine, Somme and Rhine
basins (Bibus and Semmel, 1977; Guenther, 1987; Antoine et al. 2001, 2009, 2016, 2021;
Schirmer, 2002, 2016; Fischer et al. 2021) as well as in the Mediterranean region, e.g. in the
Ebro, Tagus and Po basins (Ferraro, 2009; Wacha et al., 2011b; Boixadera et al. 2015; Zerboni
et al. 2015; Costantini et al. 2018; Wolf et al. 2019). Yet, LPSs in the transition between the
European mid-latitudes and the Mediterranean zone have remained rarely investigated. A few
exceptions are early studies from the first half of the 20th century (Suen, 1934; Mazenot, 1956;

Bonifay, 1965), when modern techniques of LPS analysis were not yet available.

The Rhone Rift Valley in SE France is a natural N—S-orientated corridor leading from the mid-
latitudes to the Mediterranean zone. The area around 45° N (near Valence, Fig. 4.43) denotes
the present-day transition between temperate and Mediterranean climate (Joly et al. 2010).
Loess along the Rhone Rift Valley was intensively studied in the middle of the last century
(Suen, 1934; Mazenot, 1956; Bourdier, 1958; Bonifay, 1965), when major construction works
facilitated access to thick profiles. Source areas of the loess were the dried-out riverbeds of

the Rhéne River and its tributaries from the Alps and the Massif Central, which during glacial
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Figure 4.43: Location of the Baix loess—palaeosol sequence (LPS) at the western edge of the Rhéne
Rift Valley and published archives used for comparison and complementation of the
palaeoenvironmental reconstruction. The Baix and Collias LPSs are marked by orange squares. Pollen
records (green diamonds) from lacustrine sediments of Les Echets (Beaulieu and Reille, 1984a, b);
maar lakes in the Velay region, Lac du Bouchet, Ribains and Praclaux (Reille and Beaulieu, 1990; Reille
et al. 2000); and marine sediments from the Gulf of Lion (cores: MD 99-2349, MD99-2352, MD99-
2348/PRGL1-4; Beaudouin et al. 2005). Archaeological sites (purple diamonds) of Payre (Valladas et
al. 2008; Rivals et al. 2009), La Combette (Kreutzer et al. 2021; Mologni et al. 2021), and the Ardeche
area (Abri des Pécheurs, Saint-Marcel, Le Figuier, Abri du Maras) (Moncel et al. 2015). Molluscan record
(blue diamond) of Aix-en-Provence (Magnin and Bonnet, 2014). Marine sediment record (half-red
diamond) from the Gulf of Lion (core/borehole PRGL1-MD99-2348; Sierro et al. 2009).

periods were fed with fine-grained material abraded by the glaciers in the western Alps and
the Massif Central (Bosq et al. 2020a). Only recently has loess research in the area been
resumed, applying state-of-the-art investigation methods, including numerical dating (Franc et
al. 2017; Bosq et al. 2018, 2020a, 2020b; Kreutzer et al. 2021; Mologni et al. 2021). One of

the recently reinvestigated LPSs is the Collias LPS, located in the Mediterranean zone of SE
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France (Fig. 4.43). There, a prominent Middle Pleniglacial (marine isotope stage (MIS) 3)
yellowish-brown palaeosol horizon was observed. Optically stimulated luminescence (OSL)
dating (e.g. Aitken, 1998) suggested a time window for the formation of this palaeosol of
between ~55 + 4 ka (deposition of the sediment the palaeosol had developed in) and ~ 39+3
ka (sediment accumulation on top of the palaeosol) (Bosq et al. 2020b). The underlying soil
horizon exhibited large cone-shaped carbonate nodules, resulting from substantial carbonate
leaching from the Middle Pleniglacial palaeosol horizon and associated carbonate
reprecipitation below. We observed these characteristic carbonate nodules in several LPSs

along the Rhone Rift Valley.

4.2 Study site, sampling and methods

4.2.1 Study site

The Baix LPS (44°42°36.30”N, 4°43°'20.80”E) is located at the western edge of the Rhone Rift
Valley, SW of Valence and ca 4 km west of the Rhone River at an elevation of 155 m a.s.l.
(Figs. 4.43, 4.44). Itis situated on the foot slope of a convex ridge that forms the northern edge
of a small basin, consisting of Lower Cretaceous limestone and marl, covered by Cretaceous
debris and Pleistocene sediments (Chenevoy et al. 1977; Saint Martin, 2009).

4°40'0 4°44'0 4°48'0
T 7T,
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Figure 4.44: Hillshade map of the area around the Baix LPS, Rhdéne Rift Valley, SE France, with
prevailing wind directions and distribution of loess and loess derivates (lo) derived from Lehmkuhl et al.
(2021) (map data: DEM with a 5 m x 5 m resolution derived from IGN-FRa, 2020).
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To the south, the basin is bordered by the basaltic plateau of the Coiron volcanic province with
the Montagne d’Andance (530 m a.s.l.), a volcano that was active until the Late Miocene to
Pliocene times (Chenevoy et al. 1977; Pastre et al. 2004). Several episodic creeks drain the
basin via the rivers Ouvéze and Payre in an eastern direction towards the Rhéne River (Fig.
4.44). The present climate is characterised by a mean annual temperature of 13.3 °C and
mean annual precipitation of 874 mm, with a precipitation maximum in October or November
(Meteo-France, 2022b). The predominant wind regime is the mistral, a strong northerly wind
that is channelled within the Rhone Rift Valley and accelerated southward (Guenard et al.
2005). At the opening of the western shoulder of the Rhéne Rift Valley near Baix, a part of the
wind flow gets diverted westward into the small basin on whose northern edge the Baix LPS is
located (Fig. 4.44). The Baix LPS is situated in the wind shadow with respect to the wind that
blows from the Rhéne Rift Valley into the basin immediately south of the low crest on whose
foot slope the Baix LPS is located. This situation explains the occurrence of the thick loess
patch at this south-facing foot slope. The Baix LPS was first mentioned by Suen (1934) and
named “Baix” by Mazenot (1956). Solely based on field observations, Mazenot (1956)
subdivided the Baix LPS into four parts, comprising (1) a palaeosol at the base, containing
debris of basalt and Cretaceous limestone, overlain by (2) decarbonated red loamy loess,
superimposed by (3) typical yellow loess, and (4) typical loess on top. Mazenot (1956)
interpreted the entire Baix LPS as having developed in one single loess deposit, arguing that
the intensive alteration of the basal part occurred due to a high groundwater table in former

periods.

4.2.2 Field description and sampling

4.2.2.1 Field description, palaeosol classification, sampling for granulometry and

analyses of carbonate content and micromorphology

We cleaned a main vertical profile of 13.7 m on the eastern wall of a small loam pit during three
field campaigns in the years 2018-2020 (Fig. 4.45a—e) and described it according to the
Guidelines for soil description (FAO, 2006). Palaeosols were later classified according to the
World Reference Base for Soil Resources (IUSS Working Group WRB, 2022). Sampling for
granulometric analysis was done by taking mixed samples integrating over 10 cm, thus
continuously sampling the whole section at 10 cm vertical resolution. Where a horizon
boundary (characterised by distinct changes in texture, structure and/or colour) occurred in
less than 10 cm distance, the sampling interval was adjusted to the horizon boundary. The
samples were air-dried, sieved (<2 mm mesh size) and homogenised. The coarse material (=2
mm) was treated with 10 % HCI to dissolve possibly included carbonate nodules. It was then
weighed to determine the rock-fragment content of the sediment as an important indicator of

loess re-working through slope-wash processes. Three undisturbed, orientated blocks were
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collected from the main palaeosol horizons (5 Bw2, 7 Btl) and unweathered loess (5 Ck2) for
micromorphological analysis. These samples were taken in Kubiéna boxes (6 cm x 8 cm x 4
cm) that were gently inserted into the profile wall, steadily supported by a knife.

4.2.2.2. Sampling for luminescence screening

Material for luminescence screening was sampled semi-continuously from the lower ~ 7 m of
the previously cleaned profile wall. For this purpose, we carved into the profile wall to separate
the sediment columns to be sampled (12 cm width; Fig. 4.45e). Then, we placed a plastic
flower box vertically onto the uppermost section of the uppermost sediment column, with its
opening towards the wall. We obtained a sediment block of ca 43 cm x 12 cm x 10 cm by
carving around the side walls of the flower box with long knives and saws. We repeated this
procedure from the top to bottom of the sediment columns, obtaining one flower pot filled with
a sediment block after the other. An unsampled space of 3 cm remained between two
consecutive sediment blocks due to the protruding rims of the flower boxes. Irregularities in
the profile wall that might affect the luminescence signal were avoided by sampling in four

columns that were
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Figure 4.45: Baix LPS, Rhdne Rift Valley, SE France. (a) Overview photo with white rectangles marking
the positions of the close-up photos in panels (b), (c), (d) and (e). (b) In situ carbonate nodules of horizon
5 BCk4 (~ 850 cm depth). (c) Hydromorphic features of 7 Btg horizon (1199-1275 cm depth) of the
basal Stagnic Luvisol. (d) Bleached root channel with lepidocrocite fringe (5—7 mm wide) in 7 Btg horizon
(1227-1275 cm depth). (e) Vertically carved-in slots mark the positions of the sediment columns
collected in boxes from 680 to 1360 cm depth for optically stimulated luminescence (OSL) screening
(photos: Daniela Sauer, 2020).
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slightly horizontally offset from one another (Fig. 4.45e). When the sampling shifted
horizontally from one column to another, we used this chance to place the upper rim of the
next flower box 10 cm above the depth of the lower rim of the previous flower box so that the
block samples overlapped in these parts (partial columns 2, 3 and 4). Four partial sediment
columns (subsections: 663-982 cm, 983-1072 cm, 1062-1150 cm, 1140-1368 cm) in 17
flower boxes represent one semi-continuous block sample, i.e. a vertical sediment column
covering the lower ~7 m of the profile wall. Empty spaces in the flower boxes were filled with
paper wadding to prevent the sediment blocks from breaking during transport. The flower
boxes with the samples were finally tightly wrapped with clingfilm to stabilise them and
preserve the water content in the sediment samples. Laboratory codes of the box samples
range from HDS-1802 (top) to HDS-1817 (bottom).

4.2.3 Methods

4.2.3.1 Granulometry, analysis of carbonate content and micromorphological analysis

Particle size distribution was measured by use of a laser diffraction particle size analyser
(Beckman Coulter LS 13 320). First, soil organic matter of 10 g homogenised fine earth
material (<2 mm) was removed by adding 25 mL of 30 % H,O; + 20 ml of deionised H,O to the
samples at 60 °C and allowing the samples to react for 12 h. This treatment was repeated until
no visible reaction was observed (ISO 11277, 2020). Then, the samples were dispersed in 25
ml NasP.07 x 10 H,O (0.1 mol™) + 200 ml deionised H,O, shaken for 18 h in an overhead
shaker and subsequently evaporated (1ISO 11277, 2020). Carbonates were not removed be-
cause calcium carbonate grains constituted a substantial portion of the primary mineralogical
and granulometric composition of the loess, which we did not want to lose. Samples containing
high iron oxide contents (samples of Bt and Btg horizons) were additionally pre-treated with a
solution of 4 % Na»S,04 + 0.3 mol I"* C;H3NaO- to dissolve the iron oxides following 1ISO 11277
(2020). Samples were shaken for 12 h in an overhead shaker. They were then washed by
adding deionised H-0, centrifuging (5 min, 3500 rpm) and removing the supernatant by pipette.
The treatment was repeated until the samples had completely lost their brownish colour. An
aliquot of the pre-treated and dried sample was ultrasonicated for 30 s in deionised H,O and
inserted in the mixing chamber of the laser particle sizer. The arithmetic mean of three
measurements of each sample was used to calculate the particle size distribution based on an
optical model according to Mie theory with a complex refraction index (RI) of 1.56-i0.1 suitable
for quartz (1ISO 13320, 2020). The laser measurements yielded 116 particle size classes (0.04
to 2000 um) which were grouped into particle size classes of clay, silt and sand (vol %). The
limits of the classes were set according to Bosq et al. (2018, 2020b), i.e. at <8 um (clay), 8-56
pm (silt) and >56 pum (sand). We chose the high limit for clay (i) because it is commonly used

to compensate for the known underestimation of clay content by laser diffraction (Konert and
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Vandenberghe, 1997; Beuselinck et al. 1998; Ujvari et al. 2016a) and (ii) because it allows for
comparing the granulometric data of the Baix LPS with those of the Collias LPS. We used the
U ratio (16—44 um / 5.5-16 pm) to identify changes in sedimentary conditions during loess
accumulation phases and the clay / silt ratio (<8 pym / 8-56 um) to identify phases of
pedogenesis (Antoine et al. 2009a; Ujvari et al. 2016a; Schulte and Lehmkuhl, 2018; Schulte
et al. 2018). Carbonate content was determined by the gas-volumetric method using a
Scheibler apparatus and calculated as calcium carbonate (CaCOs) equivalents in weight
percent (wt %; Blume et al. 2011). The soil blocks for micromorphological analysis were
subjected to acetone exchange of the remaining pore water. Then, the blocks were
impregnated with resin (Palatal), cut, glued on 28 mm x 48 mm glass slides and polished to a
thickness of ~25 um. Micromorphological analysis was carried out in plane-polarised light
(PPL) and cross-polarised light (XPL), using a Keyence VHX-7100 and/or VHX-E100 digital

microscope, following the guidelines of Stoops (2021).
4.2.3.2 Luminescence screening

In recent years, various attempts have been made to profile sediment archives with
luminescence techniques, also termed luminescence screening, i.e. in the case of optically
stimulated luminescence, “OSL screening” (e.g. Sanderson et al. 2003; Burbidge et al. 2007,
Sanderson and Murphy, 2010; Mufioz-Salinas et al. 2011; Kinnaird et al. 2012; Bateman et al.
2015; Portenga and Bishop, 2016; May et al. 2018; Fitzsimmons et al. 2022).

In contrast to conventional luminescence dating, luminescence screening involves minimal
sample preparation, measurement of a few aliquots (usually one to three) and/or considerably
shortened measurement procedures. The profiling maps the brightness (sensitivity) of one or
more luminescence signals, for example, blue-light-stimulated luminescence (BLSL), infrared-
stimulated luminescence (IRSL) or thermally stimulated luminescence (TL), e.g. along a
sediment core (changes with depth) or in two dimensions across a profile wall. The use of a
portable luminescence reader during fieldwork (cf. Scottish Universities Environmental
Research Centre (SUERC) portable OSL reader; Sanderson and Murphy, 2010) may help to
optimise the positions of OSL samples and to understand the stratigraphy of a sediment
archive if the luminescence sensitivities correlate with different sediment units (Sanderson et
al. 2003; Mufoz-Salinas et al. 2011). Among others, the sensitivity may reflect the
characteristics of the minerals (usually quartz and feldspar), the amount of the palaeodose
accumulated over time since the last exposure to daylight and varying local dose rates within
the sediment deposit. However, in order to relate the luminescence counts gained by a portable
OSL reader to the natural dose accumulated by a sample since the last sediment reworking,
the sample material needs to be artificially irradiated, e.g. by an external gamma source, to

allow for comparison of the natural signal of a sample to that received after the irradiation with
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a calibrated source (Sanderson and Murphy, 2010). Further, some sort of dose rate estimation
is required to transform the palaeodose estimates into a rough age estimate. Luminescence
profiling has been successfully applied in different sedimentary environments, such as
colluvium and alluvium (Mufioz-Salinas et al. 2014; Portenga and Bishop, 2016), coastal sand
dunes (Bateman et al. 2015), swamp deposits (May et al. 2018), and loess (Fitzsimmons et al.
2022), including deposits at archaeological and prehistoric sites influenced by humans
(Sanderson et al. 2003; Burbidge et al. 2007).

Luminescence profiling can be improved by applying the single-aliquot regeneration (SAR)
protocol (Murray and Wintle, 2000) to closely spaced samples that are minimally prepared in
the dark luminescence laboratory for measurements on a conventional automated
luminescence reader, equipped also with a calibrated radiation source. Burbidge et al. (2007)
and Kinnaird et al. (2012) applied a simplified SAR protocol to different mineral and grain size
fractions of their samples, while May et al. (2018) measured one cycle of a complete SAR
protocol (the natural luminescence signal, L, and the OSL signal received after an applied test
dose, T,) without grain size separation. L, /T, values were further normalised by the dose rates,
which varied considerably along the profile. Fitzsimmons et al. (2022) used IRSL from
unprepared bulk material of Rhine Valley loess read out at 50 °C (IRso). Again, the
luminescence signal was normalised by a test dose signal (L./Tn). The variation in the test-
dose-normalised signal sensitivity was regarded as a proxy for varying source areas of the
loess deposits. Thus, approaches to luminescence screening do not follow a strict protocol and

are adjusted according to the aims of a study.
Luminescence screening “age estimates”

In this study, we performed luminescence screening to support the stratigraphy based on
detailed field observation, hypothesising that the lower ~7 m of the Baix LPS reflect the Eemian
to Middle Pleniglacial palaeoenvironmental changes. Therefore, we collected data on the
luminescence sensitivity, the (approximate) palaeodoses and the dose rates. In addition, we
applied a sensitivity approach following Fitzsimmons et al. (2022) but using the coarse fraction
and performing an additional step for inter-aliquot normalisation to obtain a proxy indicating
the likely provenance of the material. Here, we give a brief outline of the procedure, while a

detailed description is given in the supplement (“S4.2 Methods — Luminescence screening”).

A semi-continuous sequence of material was collected from the lower ~7 m of the Baix LPS in
16 vertically aligned boxes (laboratory codes of the OSL box samples are HDS-1802 (top) to
HDS-1817 (bottom) (cf. sect. 4.2.2). In the dark luminescence laboratory, up to eight ca 1 cm?
small subsamples (A—H) were extracted at intervals of 5 cm from each box sample (altogether
126 subsamples). Additional material was taken for water content and radionuclide

determination, both needed for calculating an effective dose rate. Minimal sample preparation
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included wet sieving (125 um mesh size) and preparation of small aliquots (a few hundred

grains) from the retained polymineral coarse-grain fraction (>125 pum).

Preheat for 10 s at 200 °C (TL command) Start on natural OSL-signal
IR-stimulation for 40 s at 125 °C
BL-stimulation for 40 s at 125 °C

Give B-test dose (350 s)V Test dose subcycle
Preheat for 10 s at 160 °C (TL command)

IR-stimulation for 40 s at 125 °C

BL-stimulation for 40 s at 125 *C

SN W=

8 Give regeneration dose Start on regenerated OSL signals

a) (560 s, 980 s, 1400 s, 1820 s, 2240 s, 0 5%, 1400 s9)2
b) (1280 s, 2240 s, 3200 s, 4160 s, 5120 s, 0 54, 3200 s%)3

Repeat steps 1 — 8 until regeneration doses are administered and OSL signals read out

1} corresponding to 20.9 Gy

2 corresponding to 33.1 Gy, 58.0 Gy, 82.8 GY, 107.7 Gy, 132.5 Gy, 0 Gy, 82.8 Gy

3 corresponding to 76.3 Gy, 133.5 Gy, 190.7 Gy, 247.9 Gy, 305.1 Gy, 0 Gy, 190.7 Gy
4 recuperation

% recycling ratio

a) samples HDS-1802 to HDS-1808

b} samples HDS-1809 to HDS-1817

Figure 4.46: pIR-BLSL SAR protocol applied to minimally prepared polymineral coarse grains from 126
miniature (1 cm3) subsamples.

Preheat for 60 s at 280 °C (TL command) Start on natural OSL-signal
IR-stimulation for 200 s at 60 °C
IR-stimulation for 200 s at 225 °C

Give R-test dose (293 s)" Test dose subcycle
Preheat for 60 s at 280 °C (TL command)

IR-stimulation for 200 s at 60 °C

IR-stimulation for 200 s at 225 °C

SNk WM =

8 Give regeneration dose Start on regenerated signals
2) (1560 s, 2730 s, 3900 s, 5070 s, 6240 s, 0 s3), 3900 s%)

Repeat steps 1 — 8 until regeneration doses are administered and OSL signals read out
1) corresponding to ca 24.1 Gy or 7.5 % of the expected dose
3 gorresponding to 128.4 Gy, 224.6 Gy, 320.9 Gy, 417.2 Gy, 513.5 Gy, 0 Gy, 320.9 Gy
%) recuperation

4) recycling ratio

Figure 4.47: pIReo IR225 SAR protocol applied to minimally prepared polymineral coarse grains from 126
miniature (1 cm3) subsamples.

To provide a time frame, we applied the SAR protocol establishing dose—response curves with
several test dose-normalised regeneration-dose points (L./Tx), including dose points for testing
the recuperation and recycling ratio, once with a BLSL protocol (Murray and Wintle, 2000) after
IR stimulation (pIR-BLSL) and signal detection in the UV (Hoya U340) and once with a post-
infrared (at 60 °C) infrared (at 225 °C) protocol (pIReolR225) (Thomsen et al. 2008) with
detection of the blue emission around 410 nm (through interference filter CH-30D410-44.3).

All measurements were performed on two automated luminescence Risg reader models,
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TL/OSL DA15 and TL/OSL DA20 (an update of TL/OSL DA15), respectively (Lapp et al. 2012,
2015). The protocols are illustrated in Figs. 4.46 and 4.47

We aimed to extract a quartz-dominated signal with the pIR-BLSL protocol and a potassium-
feldspar-dominated signal with the plReolR225 protocol. For adapting the pIR-BLSL and the
pIReolR225 protocols to the Baix samples, we performed a series of tests, including De -range
tests, dose recovery tests, normalisation dose tests (plResolR225 protocol only) and tests of
anomalous fading. Thus, our OSL-screening approach contained all relevant preparatory
measurement steps needed for elaborated SAR OSL dating. In contrast to proper OSL dating,
however, the D. measurements were performed on only three aliquots per subsample for the
pIR-BLSL approach and one aliquot per subsample for the plReolR225 protocol in order to save
measurement time. For dose rate assessment, radionuclide determination was performed with
the novel pDose system (Tudyka et al. 2018, 2020; Kolb et al. 2022) on six samples regarded
as representative of the Baix sediments and palaeosols. Assuming radioactive equilibrium, the
radionuclide concentrations were transformed to dose rates (Guérin et al. 2011), while the
cosmic dose rate was calculated with the R package “Luminescence” (Kreutzer et al. 2012b).
Following standard procedures, we assumed an internal potassium content of 12.5 + 1.25 wt
% for the pIReolR225 protocol, a values of 0.1 + 0.02 for the plRsolR225 approach (Kreutzer et al.
2014) and 0.035 + 0.02 (Lai et al. 2008) for the pIR-BLSL approach and water content as
suggested by Sauer et al. (2016) and applied to the Collias LPS by Bosq et al. (2020b). While
our OSL “age estimate” calculation relies on 126 D. measurements for the pIRsolR225 protocol
and the triple number of De measurements for the pIR-BLSL protocol, a mean effective dose
rate was used for each of the two SAR protocols. Due to the reduced number of aliquots used
for D. determination and the use of a representative mean effective dose rate for each of the
two SAR approaches, we called them “age estimates” and put them into quotation marks. We
consider our luminescence screening approach for deriving OSL “age estimates” adequate for
testing the field hypothesis of whether the lower ~7 m of the Baix LPS contains an Eemian to
Middle Pleniglacial record. We will additionally perform OSL dating on selected samples in

future studies.
Luminescence sensitivity

Varying luminescence sensitivities in a loess profile may serve as a proxy for different source
areas or materials (Fitzsimmons et al. 2022). We compared the IR signal of the aliquots
measured with the pIR-BLSL protocol to the subsequently readout BLSL signal, using all
measured test dose signals (Tx) for this procedure. For determining the luminescence
sensitivities, first, the Tx signals of a complete SAR measurement (eight measurement points)
were averaged for each aliquot (Tx mean Of an aliquot) before a mean with the standard error of

the three aliquots of each subsample was calculated (Tx mean Of @ Subsample). Finally, the ratio
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of the signals of the two stimulations was derived (Tx ir/Tx sLsL). While samples with a dominant
IR signal may point to the predominance of feldspar (emitting in the UV), the dominance of a
BLSL signal could indicate the predominance of quartz in the polymineral coarse grains. Thus,
larger values (ratios) would point to more feldspar emitting around 340 nm and smaller ratios

to a quartz dominance emitting in that range.

4.3 Results
4.3.1 General overview of the LPS Baix

The overall 13.7 m thick Baix LPS was subdivided into 19 horizons, developed in (mostly
reworked) loess and soil sediments that overlie slope deposits with a large share of rock
fragments from local bedrock (Table 4.14). Four levels of soil formation were identified, in the

” ”

following termed “Holocene soil”, “upper interstadial palaeosol”, “lower interstadial palaeosol”
and “interglacial palaeosol complex”. Several erosional discontinuities were observed, e.g.
above the 7 Btg and 5 Bw2 horizons. Various forms and sizes of secondary carbonate
accumulation, i.e. pseudomycelia, hard nodules and soft carbonate concentrations, were
observed (Table 4.14, Fig. 4.45b). All horizons showed abundant bioturbation features such

as root channels and earthworm burrows, which make it a challenge for luminescence dating.

4.3.1.1 Granulometry and carbonate contents

The mean particle size distribution in the lower 7 m of the Baix LPS included 26 vol % clay, 55
vol % silt and 19 vol % sand. The palaeosol horizons exhibited the highest clay contents with
up to 30 vol % clay, whereas the only slightly weathered loess horizons showed the highest
silt (60 vol %) and sand (26 vol %) contents. The main mode was in the coarse silt fraction (34
pm), and the mean particle size was in the range 29-41 um, with an arithmetic mean of 33 um.
Rock-fragment contents ranged from O wt % up to 80 wt %. U ratios were in the range 1.55—
2.59, exhibiting maxima in the only slightly weathered loess deposition phases and decreasing
in the palaeosol horizons (Fig. 4.53). Clay/silt ratios showed an opposite trend, overall ranging
between 0.35 and 0.58. The least weathered loess (5 Ck2 horizon) contained 23 wt % CaCOs,
which was the maximal measured CaCOs content. The lowest CaCOj; content (0.3 wt %) was

found in the 7 Bt1 horizon, belonging to the interglacial palaeosol complex.

4.3.1.2 Micromorphology

The groundmass of the three thin sections of the Baix LPS displayed quartz and carbonate
grains with lower quantities of feldspars and biotite. All horizons showed calcitic and/or textural
pedofeatures. They had massive (Fig. 4.48b) to weakly subangular blocky (Fig. 4.48c)

microstructures and calcitic crystallitic (Fig. 4.49d) to stipple-speckled and porostriated (Fig.
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Table 4.14: Horizon designations and characteristics of the horizons of the Baix LPS according to the
Guidelines for soil description (FAO, 2006) and interpretation with respect to sedimentary and pedogenic
processes. Soil colour is given according to Munsell Soil Colour Charts (moist). Abbreviations and
definitions: PM, pseudomycelia; HC, hard carbonate nodules; HHC, hard hollow carbonate nodules; SC,
soft carbonate nodules; very small carbonate nodules, ca 1 to 5 mm in diameter (2); small carbonate
nodules, ca 0.5 to 1.5 cm g, medium-sized carbonate nodules, 1.5 to 5 cm ¢, large carbonate nodules,
= 5 cm ¢, WE, earthworm channels; WC, earthworm casts; Mn, manganese.

No. Horizon Depth Subdivisio Main characteristics Interpretation
[cm] n[cm]
1 Ah 0-20 disturbed surface; clear smooth lower colluvial deposit,
boundary; dark brown colour (10 YR 3/2); fine Holocene
and medium granular structure; many WC Cambisol
2 Bwil 20-65 20-30 clear smooth lower boundary; dark brown

colour (10 YR 4/4); moderate fine and medium
subangular blocky structure; many WE,
burrows, infilled small burrows

30-45 gradual smooth lower boundary; intense brown

%
colour o
(10 YR 4/6); moderate fine and medium S
subangular blocky structure; PM; many WE, 9
burrows, infilled small burrows S
T
45-65 gradual smooth lower boundary; brown colour
(10 YR 5/6); moderate medium subangular
blocky structure; PM; many WE, infilled small
burrows
3 Bk1 65-95 gradual smooth lower boundary; brown colour
(10 YR 5/4); weak medium subangular blocky
structure; PM; small few HC, HHC; common
WE
4 BCkl 95-240 95-200 gradual smooth lower boundary; light brown slope-washed
colour loess with
(10 YR 6/4); massive structure; PM, small few varying degrees
HC, HHC of pre-weathering
200-240  gradual smooth lower boundary; brown colour
(10 YR 5/4); massive structure; small HC, SC
5 Ck1 240-374  240-280 gradual smooth lower boundary; light brown
colour
(10 YR 6/4); massive structure; few PM, small
HC; mollusc-shell fragments
280-374  gradual smooth lower boundary; yellowish
brown colour
(10 YR 6/3); massive structure; few PM, few
very small HC; very few very fine soft Mn
concentrations
6 CBk 374-500 gradual smooth lower boundary; greyish brown 1
colour §

(10 YR 5/3); massive structure; long PM, very
small HC; very few very fine spheroidal soft Mn
concentrations; charcoal pieces

7 2BCk2 500- gradual smooth lower boundary; light brown
570/590 colour

(10 YR 5/4); strong massive structure; PM, few

small HC; very few very fine spheroidal soft MN

concentrations
8 3BCk3 570/590- gradual smooth lower boundary; light brown
700 colour

(10 YR 5/4); strong massive structure; PM, few
small in situ HC; very few very fine round soft
Mn concentrations

9 4 BCk/Bw 700-735 clear to gradual smooth lower boundary; light mixture of
brown colour reworked soil
(10 YR 5/6); strong massive structure; PM, very
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few small HC; very few very fine spheroidal soft
Mn concentrations

sediment and
loess

10

5 Bw2

735-775

gradual smooth lower boundary; brown colour
(10 YR 4/6); massive to weak coarse
subangular blocky structure; few PM, very few
very small HC; loess-coloured infillings in WE;
contains small rock fragments

truncated Bw
horizon of
Cambisol

11

5 Bk2

775-820

gradual smooth lower boundary; brown colour
(10 YR 4/6); massive to weak coarse
subangular blocky structure; PM, few small in
situ HC

slightly
weathered, lower
in situ horizon of
Cambisol

12

5 BCk4

820-853

gradual smooth lower boundary; brown colour
(10 YR 5/4); strong massive to subangular
blocky structure; PM, many large in situ HC (up
to 8—15 cm long, 4—6 cm width); contains small
rock fragments

In situ carbonate
accumulation
horizon of
Cambisol

Upper interstadial palaeosol

13

5 Ck2

853-995

853-915

gradual smooth lower boundary; light brown
colour (10 YR 6/4); strong massive structure;
few PM, HC; few incompletely infilled former
root channels; many recent root channels; rock
fragments

915-995

gradual smooth lower boundary; yellowish
brown colour (10 YR 6/3); strong massive
structure; few PM, HC; darker brown sediment-
filled former root channels; few recent root
channels; small rock fragments

slope-washed
loess with
varying degrees
of pre-weathering

14

5 BCk5

995-1080

clear smooth lower boundary; brown colour (10
YR 5/4); massive structure; very few very small
in situ HC; very few very fine spheroidal soft Mn
concentrations; small rock fragments

Loess

15

6 Bw3

1080-1155 1080-1120

gradual smooth lower boundary; brown colour
(10 YR 4/6); massive structure; very few very
fine round soft Mn concentrations; small rock
fragments

1120-1155

gradual smooth lower boundary; brown colour
(10 YR 4/6); massive structure; very few faint
clay coatings; few very small in situ HC; very
few very fine spheroidal soft Mn
concentrations; loess-infilled former root
channels; small rock fragments

Bw horizon
developed in a
mixture of
reworked soil
sediment and
loess

Lower interstadial
palaeosol

16 6 BCk/Btg 1155-1199 1155-1178

clear smooth lower boundary; brown colour (10
YR 5/8); massive structure; few small HC; few
very fine spheroidal
soft Mn concentrations; rock fragments

1178-1199

clear smooth lower boundary; yellowish brown
(10 YR 5/8) and reddish-brown colour (7.5 YR
5/6); weak massive to subangular blocky
structure; very few faint to distinct clay
coatings; SC, few small HC; common fine to
medium irregular flat soft Mn concentrations;
lower part with iron-oxide mottles and depletion
zones

mixture of
reworked soil
sediment and
loess

Loess

17

7 Btg

1199-1315 1199-1227

clear to gradual smooth lower boundary;
reddish orange-brown colour (7.5 YR 4/6);
weak coarse and very coarse subangular
blocky structure; few distinct clay coatings; few
in situ HC; many fine to medium irregular flat
soft Mn concentrations;
iron-oxide mottles and depletion zones

Bt and Btg
horizons of
Stagnic Luvisol
(subdivision
based on the
intensity of
hydromorphic

1227-1275

clear to gradual smooth lower boundary;
reddish orange-brown colour (7.5 YR 5/8);
weak coarse and very coarse subangular
blocky structure; common distinct clay
coatings; few in situ HC; many fine and medium
spheroidal soft Mn concentrations; iron oxide

features)
developed in
reworked soil
sediment

Interglacial palaeosol
complex
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mottles and depletion zones; bleached root
channels seamed by Lepidocrocite hems (5—7

mm thick);
depth where hydromorphic features are most
prominent

1275-1315 gradual smooth lower boundary; reddish
orange-brown colour
(7.5 YR 5/8); weak coarse and very coarse
subangular blocky structure; common distinct
clay coatings; many very fine and fine
spheroidal soft Mn concentrations; iron oxide
mottles and depletion zones; bleached root
channels seamed by Lepidocrocite hems (2—3
mm thick); root channels incompletely filled
with sediment

18 7Btl 1315-1360 abrupt smooth lower boundary; reddish brown
colour (7.5 YR 5/6); weak coarse and very
coarse, subangular blocky structure; few
distinct clay coatings; many very fine
spheroidal soft Mn concentrations; few WE
filled with WC; rock fragments

19 8Bt2 1360-1370 clear wavy lower boundary; reddish brown mixture of
colour (7.5 YR 6/6); strong massive structure; reworked soil
weathered (soft) and unweathered rock sediment, loess

fragments and local rock
debris
20 Cw 1370+ debris of Lower-Cretaceous limestone and slope deposit of
marl, and basalt local rock debris

4.49f) b-fabrics. Voids mainly included channels, chambers and vughs (Fig. 4.48a—c). The
number and size of orthic and disorthic Fe nodules increased with depth (Fig. 4.48a—c). Calcite
earthworm granules and/or calcified root cells were observed in all three thin sections (Fig.
4.49c¢c—d).

4.3.2 Detailed characterisation of the lower 7 m of the LPS Baix

4.3.2.1 Basal interglacial palaeosol complex

The basal interglacial palaeosol complex of the Baix LPS was classified as a Stagnic Luvisol
(IUSS Working Group WRB, 2022), of which a Btg horizon and two underlying Bt horizons
were preserved (Table 4.14), all characterised by an intense reddish-brown to orange-brown
colour and massive to subangular blocky structure. This palaeosol complex exhibited the
highest clay contents (25 vol %—37 vol %) and lowest silt contents (45 vol %) of the investigated
part of the Baix LPS. Thereby, the slightly carbonated (8 wt %) 8 Bt2 horizon had the highest
rock-fragment content (80 wt %) and the highest clay content (37 vol %), although no clay
coatings were observed. The overlying 7 Btl and 7 Btg horizons had clay contents of up to 30
vol % and displayed clay coatings that were observed both in the field and in the thin sections.
Both disturbed and/or relocated clay coatings (Fig. 4.48c) and undisturbed clay and clay—silt
coatings along voids, indicating in situ clay migration (Fig. 4.49e—f), were identified under the
microscope. The 7 Bt horizon contained up to 12 wt % rock fragments (in its basal part),

whereas the overlying 7 Btg horizon had no rock fragments. It showed in situ stagnic
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properties, i.e. bleached root channels and prominent undisturbed Mn and Fe concentrations

and coatings (Fig. 4.45c—d).

Figure 4.48: Photos of whole thin sections (3 cm x 4 cm) of the Baix LPS, Rhéne Rift Valley, SE France.
(a) Decarbonated 5 Bw2 horizon (755-763 cm): weakly subangular blocky microstructure (in places
crumbly, channel microstructure). Voids: channels and vughs. Voids impregnated with calcite hypo- and
guasi-coatings, channel infillings, and porous and dense rounded microaggregates. Typic, rounded and
digitated elongated disorthic Fe / Mn nodules and digitated Fe/Mn impregnations. Calcite earthworm
granules with clay-silt capping and root residues. (b) 5 Ck2 horizon (935-943 cm depth): massive,
vughy microstructure. Voids: vughs and channels, some infilled with dense rounded microaggregates,
partially with calcite hypocoatings. Few small Fe/Mn nodules. Calcite earthworm granules. (c)
Decarbonated 7 Btl horizon (1335-1343 cm depth): weak subangular blocky, crumbly microstructure.
Voids: channels, vughs and chambers. Some channels infilled with porous to dense microaggregates.
Voids with limpid orange (relocated) clay coatings. Abundant round, digitated, elongated disorthic Fe/Mn
nodules; large (Z 380 um) Fe impregnations. Abbreviations: cc, clay coating; ci, calcite impregnation;
dcc, disturbed clay coating; eg, calcite earthworm granule; no, Fe nodules; rr, root residues.

4.3.2.2 Lower and upper interstadial palaeosols

The lower interstadial palaeosol was represented by the decarbonated bipartite brown 6 Bw3
horizon with massive structure. The horizon was marked by increased clay (27 vol %—-29 vol
%) and decreased silt (52 vol %-57 vol %) and sand (15 vol %—19 vol %) contents. It contained
up to 1 wt % of rock fragments. The lower part of the bipartite horizon displayed faint clay
coatings and loess-infilled former root channels (Table 4.14). The upper interstadial soil was
represented by the brown decarbonated 5 Bw2 horizon and the underlying 5 Bk2 and 5 BCk4
horizons. The 5 Bw2 horizon had massive to weak subangular blocky structure. Its clay (27 vol
%—30 vol %), silt (52 vol %—54 vol %) and sand (16 vol %—21 vol %) contents were similar to
those of the 6 Bw3 horizon of the lower interstadial palaeosol. The 5 Bw2 horizon of the upper
interstadial soil contained up to 7 wt % of rock fragments. Under the microscope, rounded
microaggregates, dusty silt-clay coatings along pores, in situ Fe nodules, partially decomposed
root remains, and calcite earthworm granules were observed (Figs. 4.48b, 4.49a-b). The 5
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Bk2 and 5 BCk4 horizons underlying the 5 Bw horizon were characterised by reprecipitation
of the carbonates leached from the 5 Bw horizon, forming large in situ carbonate nodules. The
largest carbonate nodules (8 to 15 cm long, 4 to 6 cm wide) were found at 810—-860 cm depth
(Fig. 4.45b). The carbonate nodules were yellowish brown; contained silicate grains including

rock fragments; and displayed a porous, homogenous structure.

Figure 4.49: Photomicrographs of thin sections of the Baix LPS, Rhoéne Rift Valley, SE France. (a) Brown
clay—silt coatings along voids in the 5 Bw2 horizon (755-763 cm) and elongated and digitated Fe / Mn
nodules (plane-polarised light; PPL). (b) Rounded (bioturbated) aggregates in the 5 Bw2 horizon (755—
763 cm) with root residues and in situ weathered calcite fragment. (c) Calcified root cells in 5 Ck2 horizon
(935-943 cm depth) with elongated anorthic Fe / Mn nodules and digitated Fe impregnations (PPL). (d)
Subrounded (relocated) calcite earthworm granule and calcite hypocoatings along voids in the
carbonated groundmass of the 5 Ck2 horizon (935-943 cm depth) (cross-polarised light; XPL).(e) Limpid
orange clay and dusty-brown silt coatings and infillings with disorthic Fe impregnations in the 7 Btl
horizon (1335-1343 cm depth) (PPL). (f) Same area as panel (e) under XPL, Stipple-speckled, partly
porostriated b-fabric of the 7 Btl horizon (1335-1343 cm depth). Abbreviations: cc, clay coating; cci,
clay coating infilling; cf, calcite fragment; ch, calcite hypocoatings; cs,clay-silt coating; eg, calcite
earthworm granule; Fe-i, Fe impregnation; no, nodule; ra, rounded aggregate; rr, root residues.

4.3.2.2 Erosional discontinuities and characteristics of the slightly to moderately
weathered loess

Major erosional discontinuities were observed above the interglacial palaeosol complex and
above the upper interstadial palaeosol. Both of these discontinuities were followed by a layer
of mixed sediment, containing clearly recognisable portions of reworked palaeosol material
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and only slightly weathered loess (6 BCk/Btg and 4 BCk/Bw). These mixed layers displayed
high rock-fragment contents (up to 20 wt %). The parts of the Baix LPS where the sediment
was only slightly to moderately weathered (5 BCk5, 5 Ck2, 5 BCk 4, 5 Bk2, 3 BCk3) had yellow-
brown (Ck), light-brown (BCk) and brown (BK) colours; had massive to weak subangular blocky
structure; and contained 5 wt %—22 wt % CaCOs, reflecting their different weathering degrees
(Table 4.14). The least weathered 5 Ck2 horizon displayed the highest silt content (60 vol %),
high sand content (24 vol %) and the lowest clay content (20 vol %) of the investigated part of
the Baix LPS. Otherwise, the slightly to moderately weathered loess was composed of 49 vol
%—59 vol % silt, 16 vol %—26 vol % sand and 21 vol %—28 vol % clay. Rock-fragment contents
were in the range of 0 vol %—-6 wt %. Abundant bioturbation features were observed in the thin
sections, including calcite earthworm granules, calcified root cells and former root channels

coated by micritic carbonate precipitates (Figs. 4.48b,4.49c—d).

4.3.3 Luminescence screening results

Examples of pIR-BLSL and plResolR225 shine-down, dose-response curves and graphical
results of the fading tests are given in the second part of the supplement (“S4.2 Results —
Luminescence screening”) (all g values normalised to 2 d). While four aliquots measured with
the pIR-BLSL protocol showed g values, which within error margins agreed with zero, eight
aliquots exhibited g values pointing to fading. For the pIRsolR225 protocol, four aliquots exhibited
g values which conform with zero, while the other four aliquots showed g values above zero
(mean of all eight aliquots 6.45 + 1.16). As this is not expected for pIR-IR measurements
(Thomsen et al. 2008), we eliminated the prompt readouts for g-value determination. This
produced a mean g value over all eight aliquots of 1.24 + 2.48, conforming with zero (no
fading). Therefore, we assumed that the larger g values for the plReolR225 protocol were
measurement artefacts (cf. Thiel et al. 2011b). Such measurement artefacts may be produced
if prompt readouts are included in fading measurements and no minimum time after irradiation
and preheating is considered (see final public response to discussion of Kadereit et al. 2020).
As no correlation between the size of a De of an aliquot and its g value was observed, we

expect the plReolR225 protocol to deliver reliable data.

The results of the effective dose rate determination for the six selected samples are presented
in Fig. 4.50. They show a relatively narrow spread, justifying the use of a mean effective dose
rate for the OSL screening. For pIR-BLSL measurements, supposed to sample quartz, the
effective dose rates ranged between 2.43 + 0.18 and 2.93 + 0.23 Gy ka™ (dark-blue symbols),
giving a mean value of 2.80 Gy ka™ (blue line). For pIRelIR225 measurements, likely sampling
potassium feldspar, the effective dose rates range between 3.52 + 0.19 Gy ka™* and 4.15 +
0.24 Gy ka™ (red symbols), providing a mean value of 3.98 Gy ka™ (red line). These values

were used for OSL “age estimate” calculation. For the lowermost silt loam sample, a higher
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Figure 4.50: Effective dose rates determined for the six selected samples subjected to measurements
with the pDose device to determine the radionuclide concentrations. The error bars take the water
contents of the subsamples into account, expressed as moist weight/dry weight = 1.17 + 0.05. Because
of stagnic properties in the basal part of the Baix LPS, we additionally calculated effective dose rates for
wetter conditions (1.28 + 0.05) for sample HDS-1817. The water content estimates are based on Sauer
et al. (2016).

water content was also assumed (light-blue and yellow symbols) for dose rate assessment,
accounting for its hydromorphic features. While for “age estimate” calculation, De errors and
beta source calibration errors were taken into account, only the mean values of the dose rate
without assuming an error were considered. Thus, the OSL screening gives an idea of the
course of the burial doses along the lower 7 m of the Baix LPS, divided by an effective dose
rate regarded as representative, to produce a profile of approximate “age estimates” (Fig.
4.51). A graph summarising OSL “age estimates” block-wise for each of the 16 boxes HDS-
1802 to HDS-1817 following the central age model approach of Galbraith et al. (1999) is
provided in Fig. S4.66. Throughout the investigated part of the profile, pIR-BLSL “age

estimates” are smaller than pIRsolR225 “age estimates”.

While the course of “age estimates” gained with both the pIR-BLSL and the pIReolR225 protocol
shows a trend of increasing data values from top to ca 12.3 m depth, surprisingly, the values
do not increase further below that depth for the pIR-BLSL protocol. Further, several aliquots
measured with the pIR-BLSL SAR protocol show “age estimates” younger than the Last Glacial
Maximum (LGM) limit (cf. yellow line in Fig. 4.51), which is not logical for loess deposits,
especially not at depths several metres below the ground level. Although the incorporation of
guartz grains from the surface and younger deposits by bioturbation cannot be excluded, with
guartz being bleachable faster than feldspar (Godfrey-Smith et al. 1988), this assumption does
not seem appropriate as an explanation for the comparably young(er) “age estimates”
produced by the pIR-BLSL SAR protocol.

In general, we suppose that the pIR-BLSL “age estimates” are less reliable than the plReolR225

“age estimates” produced by our OSL-screening approach. We assume that the IR depletion
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Figure 4.51: Results of the pIR-BLSL and plResolR225 screening of the Baix LPS, Rhéne Rift Valley, SE
France. Solid vertical lines denote the boundaries of marine isotope stages (MISs), while dotted lines
denote the peaks of the MIS 5 substages. Boundaries after Lisiecki and Raymo (2005) and Railsback
et al. (2015) (LGM denotes the Last Glacial Maximum).
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Figure 4.52: Results of the luminescence sensitivity measurements (IRSL/post-IR BLSL signal strength;
IRSL denotes infrared-stimulated luminescence, and BLSL denotes blue-light-stimulated luminescence)
of the Baix LPS, Rhoéne Rift Valley, SE France. Mean values with standard error of three aliquots
measured per subsample with the BLSL protocol after IR simulation (pIR-BLSL protocol; blue squares
and error bars in black) and respective minimum (red) and maximum (green) values (further details sect.
4.3.3, “Luminescence screening”). Grey boxes mark subdivision into four units. The two upper data
values are not included, as they may or may not point to a narrower scattering of data values around
the balance line, similar to unit (3).
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of the polymineral coarse grains was too incomplete to get a more or less “pure” BLSL signal
from quartz. It is likely that the polyminerals emitted an unstable UV emission from feldspar,
especially as preheating and pIR-BLSL readout occurred at significantly lower temperatures
and for considerably shorter times than for the plReolR225 protocol. This assumption agrees
with the partly considerable g values observed by the fading tests. For these reasons, we
disregard the age assessments associated with the pIR-BLSL measurements and only
consider the pIReolR225 “age estimates” for the discussion. The derived “age estimates” of the
OSL screening are tentatively reflected against the MIS as defined by Lisiecki and Raymo
(2005) (Fig. 4.51). As the MIS stratigraphy rather reflects global climate changes, we correlated
our OSL “age estimate” results with stadial and interstadial phases derived from European
terrestrial (LPSs, pollen and lacustrine sequences) archives (Woillard, 1978; Beaulieu and
Reille, 1992; Guiter et al. 2003; Haesaerts et al. 2016).

OSL sensitivity

The OSL sensitivity values (IRSL/pIR-BLSL ratios) originate from coarse-grain separates and
therefore do not represent the far-transported aeolian main component of the LPSs but rather
accessories. They ranged between ca -0.5, likely pointing to subdued contribution from
feldspar, and ca +1.5 (Fig. 4.52), likely pointing to an increased contribution from feldspar (or
feldspar having a stronger signal in the UV range if the depletion of the OSL signal was

insufficient by the IR stimulation).

Low values of around —0.5 occurred in the lowermost horizon, 7 Bt1. The largest concentration
of values around 1.5 occurred in the overlying 7 Btg horizon. “Balanced” values scattering
closely around 1 occurred in the overlying horizons, i.e. 6 BCk/Btg to 5 Ck2. Values alternating
between these two extremes are observed in the 5 Ck2 to 3 BCk3 horizons. Thus, the OSL
screening seemed to serve as a proxy for variations in the sediment sources, as suggested by

Fitzsimmons et al. (2022), and supported a subdivision into four parts marked in Fig. 4.52.

4.4 Discussion — Eemian to Middle Pleniglacial evolution of the Baix LPS and
corresponding palaeoenvironmental conditions

4.4.1 The Eemian and Early Glacial period

The basal interglacial palaeosol complex was composed of three horizons, whereby the
lowermost horizon (8 Bt2) had developed not in loess but in a slope deposit with high content
of local rock debris. Its difference in parent material is also reflected in its different OSL
sensitivity ratio (Fig. 4.52). Most likely, its high clay content was partially inherited from the pre-
weathered slope deposit. The reddish-brown colour and the presence of in situ clay coatings
in the overlying 7 Btl horizon suggested warm and at least seasonally humid conditions.
Relocated aggregates and broken clay coatings in the matrix indicated intense bioturbation.

The uppermost reddish- to orange-brown 7 Btg horizon of the basal interglacial palaeosol
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complex showed similar characteristics to the 7 Btl horizon but in addition exhibited strong
stagnic properties (Table 4.14). The sediment in which these two upper horizons of the
interglacial palaeosol complex had developed yielded penultimate-glacial to Eemian “age
estimates” and exhibited an above-average OSL sensitivity ratio over the entire thickness of
the two horizons. Thus, the sediment was clearly different from the last-glacial slope-wash
loess that made up the overlying part of the Baix LPS. We thus interpreted the basal interglacial
palaeosol complex as an Eemian palaeosol complex, developed in slope deposits with pre-
dominant penultimate-glacial loess component, corresponding to the basal red palaeosol in
the Collias LPS ~100 km further south (Bosq et al. 2020b). The declining OSL “age estimates”
at the base appear to indicate an age reversal. However, in the simplified approach applied in
the present study, a common dose rate was assumed for all samples, neglecting the stagnic
conditions that clearly prevailed for some time at the base of the Baix LPS, and thus reducing
the effective dose rate and increasing the “age estimates” accordingly. Assuming an increased
water content (Fig. 4.50), the “age estimate” at the base would be in agreement with the
expected stratigraphy. This issue needs to be addressed in more detail in future studies with
more sophisticated OSL approaches. The apparent Eemian “age estimates” for the lower and
central part of the 7 Btg horizon may be owed to reworking by short-distance slope-wash
processes. The uppermost part of the 7 Btg horizon may have even developed in a younger
deposit, possibly reworked and deposited during the late Early Glacial period (e.g. Mélisey I,
with subsequent pedogenesis during St Germain 1), as incorporation of soil peds eroded from
the underlying horizon and re-sedimentation of insufficiently bleached material could lead to
age overestimation. Possible reworking phases correlate most likely with the stadials Mélisey
| and Mélisey Il (MIS 5d, 5b; Herning, Rederstall (Guiter et al. 2003); St Nicolas, Saint Haon
(Reille et al. 2000)) of the Early Glacial period (Beaulieu and Reille, 1984b; Guiot et al. 1993).
The subsequent periods of landscape stability, reflected in the Baix LPS, again by soil
formation, possibly correlate with the interstadials St Germain | and St Germain Il (MIS 5c, 5a;
Amersfoort—Brgrup, Odderade (Guiter et al. 2003); St Geneys 1, St Geneys 2 (Reille et al.
2000)) (Beaulieu and Reille, 1984b).

Thus, we assume that the basal Eemian palaeosol complex in the Baix LPS started to develop
under conditions of dry, warm summers and wet, mild winters, leading to the 7 Btl and 8 Bt2
horizons. After a period of reworking (during Mélisey | and/or Mélisey IlI), soil formation
continued into the middle and late Early Glacial period in the reworked material of the Eemian
soil. Eemian Luvisol formation and subsequent truncation and/or reworking are well known
from European LPSs (Antoine et al. 2001, 2009a, 2016; Glnster et al. 2001; Haesaerts et al.
2016). However, Early Glacial palaeosol horizons in mid-latitude European LPSs generally
reflect drier conditions compared to the Eemian conditions (Mosbacher Humus zones)
(Antoine et al. 2001, 2016; Schirmer, 2016), whereas in Mediterranean LPSs, more humid
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conditions seem to be reflected by polygenetic Eemian to Early Glacial palaeosol complexes
(Gunster et al. 2001; Ferraro, 2009; Wacha et al. 2011b). Within the Rhdne Rift Valley, the
Eemian palaeosol complex in the Baix LPS is in accordance with LPSs from the south
(Bourdier, 1958; Bonifay, 1965; Bosq et al. 2020b). Especially the reworking of the Eemian soil
material as observed in the Baix LPS, followed by another phase of in situ pedogenesis,
forming the 7 Btg horizon, agrees well with the deposits at the top of the S1 unit identified at
the Collias LPS, ca 100 km further south (Bwk developed in a reworked soil sediment with an
OSL age of ca 83 ka) and with similar horizons reported from LPSs in the Durance Valley (Fig.
4.43) (Bonifay, 1965; Bosq et al. 2020b).

Other local archives near the Baix LPS and in the Rhéne Rift Valley also reflect our derived
Eemian and Early Glacial climate conditions (Fig. 4.43). Eemian pollen records display
summer-drought-resistant sclerophyllous taxa, with llex, Olea, Pistacia and evergreen
Quercus (Beaulieu and Reille, 1984a; Tzedakis, 2007) and, at higher altitudes, mixed oak
forest with the presence of Buxus and Taxus (Reille et al. 2000). The following change in
vegetation towards tundra or steppe (Reille and Beaulieu, 1990; Mologni et al. 2021) was
associated with a change to colder, drier, more continental climatic conditions, whereas the
temperate deciduous vegetation recorded in between suggests a milder climate with higher
precipitation and possibly higher temperatures. The gradual climate deterioration of the late
Eemian is also reflected by the erosion of intensely weathered (partly red) sediments and a
change within the pollen and human occupation remains derived from archaeological sites
along the Ardeche and Payre Rivers (Valladas et al. 2008; Rivals et al. 2009; Moncel et al.
2015) (Fig. 4.43).

4.4.2 Early Glacial to Lower Pleniglacial transition

The erosional discontinuity above the7 Btg horizon reflects an unstable phase with slope-wash
processes, during which material of the 7 Btg horizon was mixed with slope-wash loess,
followed by a phase of loess accumulation. In a subsequent more stable phase, the lower
interstadial palaeosol (represented by the 6 Bw3 horizon) developed. Loess accumulation
again set in, while pedogenesis continued, as indicated by the gradual upper boundary of the
lower interstadial palaeosol, which reflects the transition from predominating pedogenesis to

predominating loess accumulation.

The OSL screening yielded “age estimates” of around 65—75 ka for the 6 BCk/Btg and 6 Bw3
horizons, suggesting the deposition took place during the transition from the late Early Glacial
period (MIS 5a) to the Lower Pleniglacial (MIS 4). Thus, the erosion phase may correlate with
Mélisey Il (Guiter et al. 2003), whereas the subsequent more stable phase probably correlates
with St Germain Il (St Geneys 2 (Reille et al. 2000)) and/or Ognon | (Beaulieu and Reille,
1984b, 1989). The transition from the Early Glacial period to the Lower Pleniglacial in the Baix
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Figure 4.53: Synopsis of data for the lower 7 m of the Baix LPS, Rhone Rift Valley, SE France. From
left to right: profile sketch (grey bars mark phases of soil formation); carbonate content (as CaCOs
equivalent); rock-fragment content; contents of sand, silt and clay in the fine earth; U ratio; clay/silt ratio;
“age estimates” based on the plReolR225 screening (solid lines denote the boundaries of marine isotope
stages (MISs), dotted lines denote the peaks of the MIS 5 substages) and luminescence sensitivity
(IRSL/pIR-BLSL) based on the pIR12sBLSLi2s protocol (SC, palaeosol complex; IS, interstadial
palaeosol; ED, erosional discontinuity).

LPS is thus characterised by a marked climate deterioration. This agrees with central European
LPSs, where unstable conditions are reflected by the Niedereschbach zone or Harmignies
colluvial deposit (Antoine et al. 2016; Lehmkuhl et al. 2016). At the Collias LPS in the Rhoéne
Rift Valley, this lower interstadial soil was not observed. However, intense slope-wash
processes (Dmm horizon) during this period indicated unstable conditions at Collias as well
(Bosq et al. 2020b). The pollen records of Les Echets and Velay (Beaulieu and Reille, 1984a,
1984b) also indicate a shift to cooler and drier conditions, including a warmer phase within the

general trend of climatic deterioration.

4.4.3 The Lower Pleniglacial

The following enhanced loess accumulation (highest silt content and U ratio) and decreasing
weathering intensities (lowest clay content and clay/silt ratio) reflect drier and colder conditions
(Fig. 4.53). The coarse silt fraction is interpreted as having been transported in short-term,
near-surface to low suspension clouds within a relatively limited distance (Tsoar and Pye,
1987; Vandenberghe, 2013; Ujvari et al. 2016a). As it has been proven for other LPS sites
along the Rhéne Rift Valley (Bosq et al. 2018, 2020b), we also assume that the major part of
the source of the loess deposits at the Baix LPS was the seasonally dried-out riverbed of the

Rhoéne River during glacial times.
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The only weakly weathered loess (5 BCk5 and 5 Ck2 horizons) reflects the predominance of
loess accretion rates over soil formation rates during the Lower Pleniglacial at Baix, indicating
generally dry and cold conditions. Also, the observed diverse forms and sizes of secondary
carbonate accumulation (i.e. pseudomycelia, hard and soft carbonate nodules) and the
upwardly increasing CaCO;s; contents suggest a weakening of carbonate leaching under
increasingly drier conditions (Fig. 4.53). This phase of enhanced loess deposition coincides
with increased loess accumulation in most of the European, including Mediterranean, LPSs
(Antoine et al. 2001; Ferraro, 2009; Zerboni et al. 2015) and with high sedimentation rates at
other sites in the Rhone Rift Valley (Tricart, 1952; Sierro et al. 2009; Bosq et al. 2020b). The
associated cold and dry climate is also reflected in the decline of trees to semi-open boreal
landscape with partly steppe vegetation in the valley (Beaulieu and Reille, 1989; Reille et al.
2000; Moncel et al. 2015).

4.4.4 The Middle Pleniglacial

The upper interstadial palaeosol in the Baix LPS is interpreted to represent a strongly truncated
and partially reworked Calcic Cambisol, including the reworked 5 Bw2 horizon, underlain by
the in situ 5 Bk2 and 5 BCk4 horizons. Its basal large carbonate nodules require a
corresponding carbonate source, i.e. a thick decarbonated soil horizon above. Therefore, we
assume that the most intensively weathered upper part of the Calcic Cambisol was eroded. A
phase of increased loess accumulation followed. The deposits in which the horizons 5 Ck2, 5
BCk4, 5 Bk2, 5 Bw2, 4 BCk/Bw and 3 BCk3 developed accumulated during the end of MIS 4
and into MIS 3 (Figs. 4.51, 4.53). The uppermost subsamples analysed from the 3 BCk3
horizon may point to slightly younger “age estimates” (~40 ka), as would be expected for
sediment deposits above an in situ palaeosol. Fine-tuned alterations of screening “age
estimates” may be camouflaged by possible subsample-to-subsample variations in
radionuclide concentrations and water contents, which both have an impact on effective dose
rates and OSL “age estimates” but were not considered for the simplified approach of the OSL
screening. Nevertheless, the OSL screening supports the hypothesis that the strongly
truncated upper interstadial Calcic Cambisol represents Middle Pleniglacial palaeosol remains.
The soil formation phase might correspond to the interstadial periods of Pile—Goulotte
(Moershoofd) dated to 50-43 ka and/or Charbon (Hengelo) (38-37 ka) (Guiot et al. 1993;
Guiter et al. 2003). The assumed soil formation intensity of the Calcic Cambisol remains,
including the prominent carbonate nodules, suggests temperate conditions with at least one
phase of intense carbonate dissolution and reprecipitation. Comparably intensely developed
brown truncated soil horizons are found in most of the European and Mediterranean LPSs,
e.g. Remagen soils, Gréaselberg soils (Antoine et al. 2001; Schirmer, 2016; Fischer et al. 2021,
Wacha et al. 2011b). In the Collias LPS in SE France, a very similar brown Bwk horizon with

similar prominent carbonate nodules was identified. The likely period of this soil formation was
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after ~55 ka and had ended by ~39 ka, as suggested by OSL dating (Bosq et al. 2020Db).
During our field surveys, we observed the prominent carbonate nodules not only at Baix and
Collias but also in several other LPSs in the Rhéne Rift Valley. Therefore, these large cone-
shaped carbonate nodules that underlie truncated remains of a brown Calcic Cambisol may
serve as a useful stratigraphic marker in LPSs along the Rhéne Rift Valley. Another possibly
comparable brown soil horizon, al- though without any age provided, was described for the
LPS of the Durance Valley (Bonifay, 1965).

The local assumed temperate conditions are supported by the pollen of the MIS 3 interstadials,
pointing to deciduous Quercus (at least from 39.405 + 2250 BP), associated with Abies and
Carpinus (Beaudouin et al. 2005). Thus, around ~40.000 BP, the vegetation in the wider region
was mainly composed of broad-leaved temperate taxa, whereas at higher altitudes, the last
regional presence of Picea was recorded (Reille and Beaulieu, 1990; Beaudouin et al. 2005).
With respect to the local hydrology, malacological analyses of a palustrine level at the site of
Mignet College in Aix-en-Provence, correlating also with the Pile—Goulotte (Moershoofd)
interstadial, pointed to a marsh habitat, which may support assumed enhanced humidity in the
region for this period (Magnin and Bonnet, 2014).

4.5 Conclusion

Our investigations of the lower ca 7 m of the Baix LPS in the Rhéne Rift Valley confirm the
importance of this archive for reconstructing regional Eemian to Middle Pleniglacial
palaeoenvironmental changes. The obtained palaeoenvironmental reconstruction can be well
correlated with other regional archives and can point out the different conditions compared to
the central European LPSs. From bottom to top of the investigated part, we identified Eemian
(MIS 5e) to Early Glacial (MIS 5d-a) soil formation, resulting in a polygenetic reddish Stagnic
Luvisol; an Early Glacial (MIS 5a/4) to Lower Pleniglacial (MIS 4) brown horizon of a weakly
developed Cambisol; a Lower to Middle Pleniglacial (MIS 4 to MIS 3) loess package showing
subordinate syn-sedimentary pedogenesis; and, most prominently, a strongly truncated Middle
Pleniglacial (MIS 3) Calcic Cambisol, underlain by characteristic large cone-shaped carbonate
nodules. Thus, we can conclude that the generally characteristics of Baix in terms of the main
soil formation and loess depositions phases coincide with central European LPSs, although
their characteristics induced by climatic differences seem to reflect the transitional position of
the LPSs.

However, we observed multiple reworkings and bioturbation, which are typical of the loess—
palaeosol landscape of the Rhéne Rift Valley and challenge numerical dating (Tricart, 1952;
Bonifay 1965; Franc et al. 2017; Bosq et al. 2018, 2020b). We performed an optically
stimulated luminescence (OSL) screening by applying a pIReso-BLSL12sand a plReo-I1R225 single-

aliquot regeneration (SAR) protocol to minimally prepared polymineral coarse grains on 126
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ca 1 cm?® subsamples collected at vertical intervals of ca 5 cm. Whereas the pIR-BLSL
approach gave erroneously young “age estimates”, the pIR-IR technique seems to provide a
realistic time corridor ranging from bottom to top from MIS 5 into MIS 3, thus corroborating the
field hypotheses of the likely temporal positions of the different loess and palaeosol horizons.
We also monitored OSL sensitivity changes in the minimally prepared coarse grains along the
investigated part of the profile wall and found patterns which appear plausible when related to
the likely evolution of the terrestrial archive, i.e. with respect to weathering and pedogenesis
as well as material input by aeolian and/or slopewash processes. Finally, among the known
LPSs along the Rhone Rift Valley, the Baix LPS provides the most detailed, dated
palaeoenvironmental record of the Eemian to Middle Pleniglacial landscape evolution. These
promising results encourage continuation of the palaeoenvironmental analysis of the Baix LPS.
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S4.2 Methods — Luminescence screening

The luminescence screening aimed at a vertical sequence of roughly assessed OSL age
estimates for the lower ca 7 m of the loess palaeosol sequence at the Baix section. The profiling
encompassed two analytical steps: (1) rough assessment of the palaeodose of minimally
prepared samples by applying the single aliquot regeneration (SAR) protocol (Murray and
Wintle, 2000), and (2) determination of radionuclide concentrations for dose-rate assessment
on a limited number of representative samples. While preparatory steps and palaeodose
assessment were performed in the Heidelberg luminescence laboratory under strongly
subdued indirect red light, radionuclide determination was performed in the Giessen
luminescence laboratory. As the here applied luminescence screening provides only rough

OSL age estimates, “age estimates” will be placed in quotation marks.

S4.2.1 A sequence of 1-cm? subsamples

First, the sediment-soil blocks sampled in the flower boxes (hereinafter box samples) in the
field were sub-sampled to obtain material not affected by daylight. We extracted small
subsamples (1 cm x 1 cm x 1 cm) with a square frame for cutting out cubes (similar to those
used for collecting 1 cms3-subsamples for pollen analyses from lake-sediment cores). We
sampled along a vertical centre line of the sediment block at intervals of 5 cm (midpoint to
midpoint; base area 1 cm x 1 cm; 4 cm distance from sample rim to sample rim), leaving 3.5
cm (midpoint 4 cm) distance from the possibly light-influenced rims at the top and bottom. We
retrieved 8 subsamples (A—-H) from each block (6 subsamples A-F from the lowermost box
block, 1325-1357/1362 cm depth); in total 126 subsamples. The subsamples were weighed,
dried at 50 °C and weighed again to determine the water content. We reserved material of

some representative subsamples for radionuclide determination (cf. sect. S4.2.7).

Beneath each dose-rate sample, a second 1 cm3-cube sample was collected for luminescence
analyses. Between the sampling of the first (upper, dose-rate sample) and the second 1 cm3-
cube (lower, luminescence sample), the surface of the sediment-soil block was cleaned using
a vacuum cleaner to prevent contamination with possibly light-influenced material from near

the block-surface
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S4.2.2 Preparation of polymineral coarse grains and aliquot preparation

The 1 cm3-luminescence samples were minimally prepared, omitting, e.g. the destruction of
organic matter and carbonates. The preparation included: wet sieving (125 pum) with dest. H.O
retaining the coarse-grain fraction 2125 ym. This fraction was dried and used for preparing
small aliquots (a few 102 grains) of polymineral coarse grains, strewn on aluminium cups (& ca
10 mm, 1 mm thick) through a hole mask (g 4 mm) and fixed with silicon oil. The theoretical
maximum grain size fitting in the pit of the “spoon” used for aliquot preparation is ca 1 mm.
However, such large grain sizes were not part of the coarse-grain aliquots as (1) we did not
prepare single-grain aliquots; (2) the smaller grains accumulating in the bottom pit of the
sample tube were deliberately spooned out, and (3) larger grains were shaken off the sample
carrier. Therefore, grains are <500 um in diameter. Microscopic inspection of aliquots after the
OSL measurements confirmed this assumption but revealed that the aliquots might have
included particles <125 um. We assume that due to the omission of sample treatment with
acetic acid and hydrogen peroxide and due to using soft-screen fabric instead of metal sieves
for the rapid preparation soil aggregates were not disaggregated completely prior to/during the
sieving but only later when spooned out of the sample container for aliquot preparation. Yet it
is reasonable to assume that the dominant OSL signal originates from the coarse-grain

fraction.

S4.2.3 Measurement equipment for equivalent dose (D¢) determination

SAR measurements for equivalent dose (De) determination were performed on two
luminescence readers, i.e. a Risg reader model TL/OSL DA20 (serial number 240, nicknamed
“Athenaeum®) and a Risg reader model TL/OSL DA15, updated DA20 (serial number 83) (cf.
Lapp et al. 2012, 2015). Both readers were equipped with a turntable with 48 sample positions,
three clusters of infrared emitting diodes (7 LEDs each; 870 A 40 nm; plus longpass filter
RG830 (Schott) for No. 83) for infrared stimulated luminescence (IRSL), four clusters of blue
light-emitting diodes (7 LEDs each; 470 A 30 nm) for blue light stimulated luminescence
(BLSL), a bialkali PMT EMI 9235QB15 for signal detection, a %°Sr/*°Y B-source (No. 240: ca
5.0 Gy min at the time of measurements 2020-2021; No. 83: ca 3.6 Gy min™?) for laboratory
irradiation. The system was run with Risg MiniSys software version 4.08 (12.01.2016).
Measurements were run with the Risg sequence editor v4.36 (2015-09-10). OSL
measurements were performed in an N, atmosphere after an atmosphere stabilisation period

of ca 4 min at the beginning of a SAR measurement.

S4.2.4 Adapting the single-aliquot regeneration (SAR) protocols

For the luminescence screening, palaeodose determination on the polymineral coarse grains

was performed in a twofold manner, once with a blue-light stimulated luminescence (BLSL)
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SAR protocol (Murray and Wintle, 2000), including IR-bleaching prior to the BLSL readout (pIR-
BLSL), and once with a post-infrared (at 60 °C) infrared (at 225 °C) stimulation (pIReolR225)
protocol (Thomsen et al. 2008). For the BLSL measurements, 3 aliquots were analysed from
each of the 126 subsamples (HDS-1802 A to HDS-1817 F). For the plReolR225 protocol, we
limited the measurements to one aliquot per subsample, as the latter measurements lasted

significantly longer.

The uppermost (HDS-1802) and the lowermost sample (HDS-1817) were used to adapt the
measurement parameters of the SAR protocols. For data analysis and for De determination,
we used the software “Analyst* (Duller, 2015 Version 4.31.9, Build 23rd May 2020; for details
of the data analysis, cf. Table S4.15 and Table S4.16). Examples of pIR-BLSL and plResolR225
shine-down, as well as dose-response curves, are provided in sections S4.2.4.1.2 (Fig. S4.54),
S4.2.4.1.3 (Fig. S4.56) and S4.2.4.2.3 (Figs. S4.58, S4.59).

S4.2.4.1 pIR-BLSL SAR protocol

For the pIR-BLSL SAR protocol, signal detection occurred in the ultra-violet spectrum around
340 nm through a set of glass filters U340 (Schott; 3 x 2.5 mm each) on luminescence reader

No. 83. The IR- and BL-stimulation power was set to 90 %.

IR-stimulation at 125 °C which was performed to deplete a potential signal of feldspar, thus
“enriching® the signal of quartz from the polymineral coarse-grains (cf. also Banerjee et al.
2001), and BL-stimulation at 125 °C were each performed for 40 s (250 data channels; 0.16 s
per data channel) (cf. Table S4.15). Dose-response curves were fitted with a single exponential
function. The D. integral was set to (0—0.16 s) and the background integral to 32.16—40.0 s.
The SAR protocol as adapted in a series of pre-tests (sect. S4.2.4.1.1 to S4.2.4.1.3) is shown
in Fig. 4.47 of the main text.

Table S4.15: Parameters of data analysis for De determination — pIR-BLSL SAR protocol.

Software: Luminescence Analyst, version 4.31.9 (Duller 2015)
Curve fitting: Exponential fit

Integral [channel]: 1-1(0-0.165)
Background [channel]: 201-250(32.16-40.0s)
Use recycled points for fitting: Yes

Measurement error [%] 1.5

Incorporate error on curve fitting: Yes

Use errors when applying criteria: Yes

Recycling ratio limit [%]: 10

Maximum test dose error [%]: 10

Maximum recuperation [% of N]: 10

Tn signal > 3 sigma above background: Yes



S4.2.4.1.1 De-range test

The potential range of Des was investigated on unprocessed sediment material crumbled on
aluminium cups (g ca 10 mm) and fixed with silicon oil. This was done with a pIR-BLSL SAR
protocol using preheat 1 of 200 °C and preheat 2 of 160 °C and seven regeneration dose
points (560 s, 980 s, 1400 s, 1820 s, 2240 s, 0 s, 1400 s) spanning the range ca 33.5-109 Gy
and a normalisation dose (test dose) of 830 s (49.7 Gy). The dose-response curve conforms
to an expected dose of ca 84 Gy representing 100 %, with regeneration dose points at 40 %,
70 %, 100 %, 130 %, 160 %, 0 % (testing signal recuperation) and 100 % (recycling dose point)
of the expected dose. The range test was applied on 42 aliquots from the uppermost box
sample (HDS-1802, subsamples A-H) and the lowermost box sample (HDS-1817,
subsamples A-F), 3 aliquots per subsample. D. determination occurred on the first data
channel (0-0.16 s), with the last 50 data channels (32.16—40 s) used for late light subtraction.
Criteria of acceptance were a 10 % recycling ratio, a maximum test dose error of 10 % and a
maximum recuperation of 10 %. For this initial test, also Des that had to be extrapolated beyond
the largest regeneration dose point were accepted. The obtained Des varied between 72—-193

Gy (results not shown).

As fine grain material may coat coarser grains and aggregate as soil peds, for further
measurements, the fraction <125 um was eliminated by wet sieving, and the strategy changed

from no sample preparation to minimal sample preparation (cf. sect. S4.2.2).

Further tests (not shown here) investigated whether the normalisation dose could be reduced
to 350 s (ca 21 Gy), corresponding to 60 % to 25 % of the expected dose. As these tests

proved positive, the lower normalisation dose was applied in further tests.

S4.2.4.1.2 Dose recovery uppermost sample (HDS-1802 A-H)

A dose-recovery test was performed on eight aliquots of the uppermost box sample HDS-1802,
subsamples A-H, one aliquot each, bleached under the solar simulator for 3 h prior to
irradiation. The administered laboratory dose was 1400 s (ca 84 Gy), and — like in the previous
tests — the positions of the seven regeneration dose points were at 40 %, 70 %, 100 %, 130
%, 160 %, and 0 % of the laboratory dose (cf. Fig. S4.54) and the normalisation dose was 350
s (25 %) (henceforth the 1400 s growth curve). As a result, most aliquots met the expected De
within error margins, and all aliquots were within a tolerance of 10 %. The expected dose was
met within error margins by the mean (1345.3 + 75.6 s), but the centre values (mean, central

dose) underestimated the given dose slightly by 4-5 % (Fig. S4.55).
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Figure S4.54: Dose recovery test on eight aliquots of box sample HDS-1802, subsamples A-H, one
aliquot each. Example of shine down curves (left), SAR dose response curve (center) and probability
density plot of recovered doses. The laboratory dose of ca 84 Gy (1400 s) was recovered within a
tolerance of 10 %. Graphical output from “Analyst” (Duller, 2015).
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Figure S4.55: pIR-BLSL dose recovery test on eight aliquots of box sample HDS-1802, subsamples A—
H, one aliquot each. The laboratory dose of ca 84 Gy (1400 s) was recovered within a tolerance of 10
%.

S4.2.4.1.3 Dose recovery tests lowermost sample (HDS-1817 A-F)

Another dose recovery test was performed on twelve aliquots of the lowermost box sample
HDS-1817, subsamples A—F, two aliquots each. The laboratory dose was set to ca 191 Gy,
and the seven regeneration dose points at 40 %, 60 %, 100 %, 130 %, 160 %, 0 % and 100 %
of the expected dose were adjusted accordingly (1280 s, 2240 s, 3200 s, 4160 s, 5120s,0 s
and 3200 s) (henceforth the 3200 s growth curve) (cf. Fig. S4.56). As for the dose recovery
test with the 1400 s growth curve on sample HDS-1802, the normalisation dose was 350 s (for
deposited doses in Gy cf. Fig. 4.46 of the main text). As a result, the centre value of the mean
and central dose underestimated the expected dose slightly by ca 5 %. All recovered Des were

recovered within 10 % of the expected dose (Fig. S4.57).
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Figure S4.56: Dose recovery test on twelve aliquots of box sample HDS-1817 subsamples A-F, two
aliquots each. Example of shine down curves (left), SAR dose-response curve (centre) and probability
density plot of recovered doses. The laboratory dose of ca 191 Gy (3200 s) was recovered within a
tolerance of 10 %. Graphical output from “Analyst” (Duller, 2015).
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Figure S4.57: pIR-BLSL dose recovery test on twelve aliquots of box sample HDS-1817, subsamples

A-F, two aliquots each. The laboratory dose of ca 191 Gy (3200 s) was recovered within a tolerance of
10 %.

We considered the results of both dose-recovery tests acceptable for the intended OSL
screening. Therefore, the pIR-BLSL protocol was used for the “dating” measurements applying
the 1400 s dose-response curve for samples HDS-1802 to HDS-1808 and the 3200 s dose-
response curve for samples HDS-1809 to HDS-1817 (cf. Fig. 4.46 of the main text).

S4.2.4.2 plReolR22s measurements

The pIReolR225 signal was detected in the blue-violet spectrum around 410 nm through an
interference filter CH-30D410-44.3 (Chroma) on the luminescence reader “Athenaeum”. Only
every second turntable position was used for SAR measurements to minimise unwanted
optical cross-talk during IR stimulation (Kreutzer et al. 2013). The stimulation power was set
to 90 %. IR-stimulation at 60 °C and subsequently at 225 °C was performed for 200 s (1 s per

data channel) (cf. Table S4.16). For the data analysis, the first four seconds were used as De
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integral, while the integral 51-60 s was used for background subtraction (testing also other De-
integral and background combinations, which all provided same results within error margins;
cf. Tables S4.17-S4.19). The pIR-IR SAR protocol, as adapted in a series of pre-tests (sect.
S4.2.4.2.1t0 S4.2.4.2.3) is shown in Fig. 4.47 of the main text.

Table S4.16: Parameters of data analysis for De determination — pIR60IR225 SAR protocol.

Software: Luminescence Analyst, version 4.31.9 (Duller 2015)
Curve fitting: Exponential fit
Integral [channel]: 1-4(0-45)
Background [channel]: 51-60(51-605)
Use recycled points for fitting: Yes
Measurement error [%]: 1.5

Incorportae error on curve fitting: Yes

Use errors when applying criteria: Yes

Recycling ratio limit [%)]: 10

Maximum test dose error [%]: 10

Maximum recuperation [% of N]: 10

Tn signal > 3 sigma above background: Yes

54.2.4.2.1 De-range test

A plIReolR225-SAR-protocol was applied to 14 aliquots of the uppermost sample HDS-1802 (8
subsamples, A—H, one aliquot each) and the lowermost sample HDS-1817 (6 subsamples, A—
F, one aliquot each) to get an idea of the possible D range of the box samples. The preliminary
dose-response curve was constructed with regeneration dose points at ca 33.1 Gy, 57.8 Gy,
82.6 Gy, 107.4 Gy, 132.2 Gy, 0 Gy and 82.6 Gy. The normalisation dose (test dose) was set
to 600 s (ca 49.6 Gy, or 60 % of the 100 % regeneration dose point). The measurement started
after 4 min (120 s + 120 s) N-purge. IR-stimulation at 60 °C and subsequently at 225 °C was
performed for 200 s (1 s per data channel). The first four seconds were used as D integral for
the data analysis. The integral 51-60 s was used for background subtraction. For IR22s, three
aliguots were not analysable, as the potential D. value was too large to be met by the
(extrapolated) SAR dose-response curve, the Des of the remaining 11 aliquots had to be
extrapolated beyond the largest regeneration dose point. Des Scattered between ca 2000 s to
8200 s (ca 165-678 Gy) (results not shown).

S4.2.4.2.2 Normalisation dose test

IR SAR and pIR-IR SAR measurements respond sensitively to the size of the normalisation
dose (unpublished data in the Heidelberg luminescence laboratory; Colarossi et al. 2018).
Therefore, eight aliquots of HDS-1802 A—H (one aliquot each) were subjected to a combined
dose-recovery and normalisation dose test. Based on the D. range test (cf. sect. S4.2.4.2.1)
and keeping the spreading of the regeneration dose points at 40 %, 70 %, 100 %, 130 %, 160

%, 0 % and 100 % of the expected dose, the regeneration dose points were set at 1560 s,
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2730 s, 3900 s, 5070 s, 6240 s, 0 s and 3900 s with 3900 s corresponding to 321.3 Gy and
6240 s corresponding to 514.2 Gy (3900 s dose-response curve). We tested which size of the
normalisation dose would be appropriate for the given dose-response curve, testing 98 s, 195
S,293s,390s, 780 s, 1170 s, 1560 s, 1950 s, corresponding to 2.5 %, 5 %, 7.5 %, 10 %, 20
%, 30 %, 40 % and 50 % of the expected dose. Using again the integral 51-60 s for late light
subtraction, the De determination shows within error margins the same results for different
lengths of the De integral varying from one to four seconds (Table S4.17). Whereas the smallest
two normalisation doses of 2.5 % and 5 % of the expected dose appear to overestimate the
given dose (more strongly curved dose-response curve), the largest five normalisation doses
seem to underestimate the laboratory dose slightly. Therefore, we chose 293 s (ca 24.1 Gy;
7.5 % of the expected dose) as normalisation for further tests and measurements.

Table S4.17: Results of the normalisation dose test for late light subtraction51-60 s and four different
De integrals.

normalisationdose 0-1s 0-2s 0-3s 0-4s
[% of expected dose] DE [s] DE [s] DE [s] DE [s]
2.5 4321.87 +311.31 4308.89 +292.71 4338.25 +288.70 4328.72 +294.48
5 4431.09 +270.47 N.A. 4408.31 +249.13 4425.11 +247.50

7.5 3975.52 +164.97 3992.28 +163.79 3991.09 +162.31 3993.61 +161.83
10 3684.01 +194.39 3730.01 +177.66 3705.55 +170.96 3696.81 +172.75
20 3775.38 +137.88 3799.88 +132.67 3782.96 +127.59 3749.76 +125.23
30 3864.34 +139.05 3852.31 +128.61 3855.32 +127.51 3860.00 +127.49
40 3296.93 +135.32 3365.37 +131.58 3315.31 +127.13 3315.33 +126.48
50 3841.49 +136.91 3813.95 +128.56 3815.51 +129.27 3795.68 +126.49

S4.2.4.2.3 Dose-recovery tests (HDS-1802 A-H)

A dose-recovery test with an administered dose of 3900 s and a normalisation dose of 293 s
was performed on the eight previously measured aliquots of HDS-1802 A-H (one aliquot
each). De analysis occurred with a late light subtraction of the integral 51-60 s. As a result, the
expected dose is recovered well (cf. Fig. S4.58, Table S4.18). The mean recuperation is 4.9
% for the D¢ integral 0—4 s and 4.8 % for the integral 0-1 s.
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Figure S4.58: Dose recovery test on the eight aliquots already used in the previous normalisation dose

test with a normalisation dose of 293 s (7.5 % of expected dose). Graphical output from “Analyst” (Duller,
2015).
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Table S4.18: Dose recovery test on the eight aliquots already used in the previous normalisation dose
test with a normalisation dose of 293 s (7.5 % of expected dose).

aliquot 0-1s 0-2s 0-3s 0-4s

[turntable position] DE [s] DE [s] DE [s] DE [s]

3900.96 +172.35 3858.07 +163.51 3862.69 +163.67 3849.25 +162.86
3816.54 +156.18 3811.22 +152.53 3846.35 +154.64 3846.49 +153.94
3881.11 +146.21 3886.13 +142.19 3901.84 +142.58 3899.61 +142.97
3790.21 +217.63 3860.51 +192.39 3761.31 +177.68 3741.60 +169.23
3825.75 1+167.62 3792.26 +152.46 3816.67 +151.13 3823.42 +149.78
3988.69 +170.88 3942.14 +158.66 3840.26 +150.13 3836.75 +149.18
3785.95 +211.60 3582.07 +177.33 3489.28 +166.45 3472.45 +166.63
3992.57 +205.95 3852.80 +176.19 3880.96 +171.56 3911.10 +172.09

In a further dose-recovery test with a given dose of 3900 s and a normalisation dose of 239 s,
eight aliquots of HDS-1802 A—H (one aliquot each) were analysed, which had been bleached
for 3 h under the solar simulator (Fig. S4.59). The results show that the expected dose was
overestimated by ca 8 % (here: De integral 0-1 s, late light 51-60 s; mean with standard
deviation and standard error 4225.3 + 148.8 + 52.6 s; central dose 4220.4 + 75.8 s). Yet all
recovered D. values were reproduced within a range of 10 % of the expected value (Fig.
S4.60). No dependency was observed on the De integral and/or the integral used for late light
subtraction (Table S4.19). Like the dose recovery test on the previously measured aliquots,

the mean recuperation was ca 5 % (here D¢ integral 0—4 s, late light subtraction 51-60 s).
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Figure S4.59: Results of the dose recovery test on eight fresh aliquots bleached under the solar
simulator with a normalisation dose of 293 s (7.5 % of expected dose). Graphical output from “Analyst”
(Duller, 2015).
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Table S4.19: Results of the dose recovery test on eight fresh aliquots bleached under the solar simulator
with a normalisation dose of 293 s (7.5 % of expected dose).

late light 51-60s 51-60s 51-60s 51-60s 5-6s
aliquot 0-1s 0-2s 0-3s 0-4s 0-1s
[turntable position] De [s] De [s] De [s] De [s] De [s]

1 4555.36 +264.61 4289.56 +216.80 4335.93 +212.05 4379.03 +207.60 4684.07 +383.98
4399.35 +226.94 4429.46 +222.55 4441.49 +225.83 4415.74 +223.90 4409.43 +249.60
4085.18 +268.00 3935.28 +225.06 4025.33 +215.23 4066.29 +214.89 4198.90 +450.01
442418 +298.52 4395.39 +254.14 4259.88 +226.22 4372.11 +231.07 5150.97 +613.59
4205.14 +259.28 4090.86 +22231 4043.40 +212.95 4091.24 +215.13 4214.32 +346.01
11 4614.07 +366.87 4461.79 +304.13 4354.10 +267.77 4256.15 +245.28 443431 +527.35
13 3963.13 +202.50 3989.48 +184.38 4077.71 +185.10 4071.44 +180.86 3930.60 +261.32
15 4167.14 +266.13 4192.96 +229.95 4165.17 +219.48 4150.44 +211.97 4064.28 +368.20
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Figure S4.60: plReolR225 dose recovery test on eight aliquots of box sample HDS-1802, subsamples A—
H, one aliquot each. The laboratory dose of ca 321.3 Gy (3900 s) was recovered within a tolerance of
10 %.

As the results appeared acceptable for the intended OSL screening (rather than proper OSL
dating) and as sample material was scarce, no further tests potentially improving the plReolR225
SAR protocol were performed. We used one dose-response curve suitable for interpolating all,
or at least most, of the expected palaeodoses. Due to the measurement time, only one aliquot
per subsample was analysed. Figure 4.47 of the main text gives a schematic overview of the

pIReolR225 SAR protocol applied for the palaeodose assessments.

S4.2.5 Testing for anomalous signal fading

In luminescence dating, feldspar is known for a phenomenon termed athermal signal fading
(Wintle, 1973), i.e. an unwanted signal loss. Therefore, fading tests are usually associated with
luminescence dating measurements of feldspar (e.g. Auclair et al. 2003). Here we tested the

8 aliquots of the 8 subsamples of sample HDS-1803 and the 6 aliquots of the 6 subsamples of
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sample HDS-1817 for the plResolR225 protocol. The signal readout was performed two times

promptly, after ca 1 day, 2 days, 4 days, and promptly again.

As IR-bleaching in the pIR-BLSL protocol reduces the signal detected from feldspar but does
not exclude signal from feldspar during the subsequent BLSL step completely, few aliquots
measured with the pIR-BLSL aliquot were also subjected to a fading test: the 6 aliquots of
subsamples F and G of sample HDS-1802 as well as 6 aliquots of sample HDS-1817,
subsamples A and C (2 aliquots each), and B and D (1 aliquot each). A signal readout on HDS-
1802 was two times prompt, after ca 4 h, 1 day, 2 days and prompt again; on HDS-1817,
readout occurred two times prompt, after ca 1 day, 2 days, 4 days, and prompt.

Data analysis and g-value determination were performed with the function
analyse_FadingMeasurements (Kreutzer and Burow, 2020) from the R package
‘Luminescence’ (Kreutzer et al. 2012b). Results of the fading measurements are provided in

S4.3 “Results — Luminescence screening”).

S4.2.6 Converting beta-irradiation time to deposited energy

Beta irradiation must be converted to deposited energy in the analysed mineral grains, which
is accomplished using a calibrated beta source. The amount of deposited energy per unit time
is known (e.g. Gy per min or s irradiation time). The luminescence readers used in this study
had been calibrated using a grain-size fraction of 90—-125 um (corresponding to a grain-size
fraction ca 130-165 um before HF-etching). However, the ca 1 cm3 samples were too small
for rigorous sieving for technical reasons. Therefore, only the lower boundary of the grain-size
fraction was well defined (cf. sect. S4.2.2), while the upper boundary was estimated at 500 pum
at maximum. However, the amount of energy deposited in mineral grains by beta irradiation in
luminescence readers does not change significantly for grain size diameters varying in the
range ca 100-500 um (Armitage and Bailey, 2005; Mauz et al. 2021). Potential errors in the
beta-source calibration of few percentages due to slightly differing grain sizes in the here
analysed grain-size spectrum is a minor issue when compared to other challenges associated
with gamma to beta transfer calibration (Kadereit and Kreutzer, 2013; Tribolo et al. 2019;
Richter et al. 2020).

S4.2.7 Dose rate determination

From the 1 cm3-cubes used for water-content determination, six samples were selected for
radionuclide determination (Table S4.20). The samples originate from: (1) the top of the
sampled sediment-soil column (BCk3; 575/590—-700 cm); (2) the upper interstadial soil (5 Bw2:
745-775 cm); (3) the loess deposit beneath (5 Ck2: 915— 995 cm); (4) the lower interstadial
soil (6 Bw3: 1080-1155 cm); (5, 6) and the possibly reworked palaeosol remains of the
interglacial soil-complex (7 Btg: 1227-1275 cm; 7 Btl: 1315-1360 cm). The selected
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subsamples were regarded as adequate for deriving a “representative” mean dose rate to be

used for OSL “age estimate” assessments.

Table S4.20: Six subsamples (>3 g dry wt) of the box samples HDS-1802 to HDS-1817 were selected
for dose-rate determination with the pDose system.

Flower-Box Subsample Depthb.g.l. Weight dry mass Soil horizon Comment

[Lab.-code] [A-H] [em] [8] [after FAO 2014/2015]

HDS-1802 C 672.5 3.95 (11) 575/590 - 700 cm 3 BCk3 representing "everything" above MIS 3 soil

HDS-1804 B 764.5 5.80 (13) 745 - 775 cm: 5 Bw2 MIS 3 soil (?)

HDS-1808 E 963.5 4.15 (18) 915-995 cm: 5 Ck2 with brown sediment infillings in former root channels
HDS-1811 F 1091.5 5.65 (20) 1080 - 1120 cm: 6 Bw3 with soft Mn concretions

HDS-1815 E 1256.5 4.85 (26) 1227 - 1275 cm: 7 Btg hydromorphic features and bleached root channels
HDS-1817 E 1349.5 3.65 (28) 1315- 1360 cm: 7 Bt1 reworked Eem Bt (?)

As the samples were relatively small, weighing ca 2.05-6.95 g each (dry wt), the recently
developed pDose-system (Tudyka et al. 2018, 2020) was regarded as especially suitable for
dose-rate determination within the here performed luminescence screening at the Baix site.
The selection of representative samples from different B and C horizons occurred among those
that had provided at least 3 g of dry matter. A comprehensive performance test of the novel
device for dose-rate determination has recently been conducted by Kolb et al. (2022), which
showed that the pDose-analytics delivers mostly equally correct results as established
techniques such as, e.g. low-level gamma-ray spectrometry. pDose measurements were
performed in the Giessen luminescence laboratory, where the samples were dried at 105 °C

before 3 g of each sample were placed and sealed in the pDose sample holders.

S4.2.8 “Age estimate” calculations

OSL scanning “age estimates” were calculated not for mean burial doses of a set of aliquots
but for individual aliquots. In contrast, a mean value was assumed for the dose rate based on
the six representative dose rate samples. Assuming radioactive equilibrium, radionuclide
concentrations were transformed to dose rate values by applying the dose-rate conversion
factors of Guérin et al. (2011). The cosmic dose rate was calculated with the R package
‘Luminescence’ (Kreutzer et al. 2012b) but contributed only between 0.1044 + 0.0104 Gy ka*
(uppermost sample at 6.72 m depth) and 0.0586 + 0.0059 Gy ka* (lowermost sample at 13.49
m depth). For the mineral grains responding to IR stimulation by emitting a luminescence signal
around 410 nm (likely potassium feldspar), an internal potassium content of 12.5 £ 1.25 wt %
was assumed. Considering the efficiency of the external alpha radiation (a-value) for the pIR-

IR feldspar measurements at 225 °C an a-value of 0.1 £ 0.02 (cf. Kreutzer et al. 2014) and for
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the mineral grains responding to BL-stimulation after IR-depletion (assumed to originate
dominantly from quartz) an a-value of 0.035 + 0.02 (cf. Lai et al. 2008) was taken into account,
assuming that alpha particles penetrate 20 um into the coarse grains and adapting the fine-

grain a-values accordingly.

The water contents of the samples as measured (cf. Fig. S4.61) were not considered to be
representative of the dating period. Therefore, we estimated a uniform water content (ratio of
wet sample wt to dry wt) of A 1.17 + 0.05, based on the considerations of Sauer et al. (2016),
who calculated realistic water contents for pore volume distributions typical of loess. As also
Bosq et al. (2020) had followed this recommendation for OSL dating at the Collias site ca 100
km further to the south, the procedure allows comparing the OSL dating results for the two
sites. Only for the lowermost sample, a silt loam, in addition to a water content of A 1.28 + 0.05

was assumed, thus simulating stagnic conditions.

S4.2.9 Luminescence sensitivity

Varying luminescence count rates (sensitivities) within a loess profile may proxy different
source areas or source material (Fitzsimmons et al. 2022). We measured both the IR- and the
post-IR BL-stimulated luminescence of the minimally prepared box subsamples (cf. sect.
S2.4.1). We used the ratio of both signals as a down-the-profile-normalised proxy, as the
luminescence yield may also depend on the amount of material on a sample carrier rather than
the mere luminescence sensitivity of a material. It is assumed that the IRSL signal indicates
the presence of feldspar, while the BLSL signal points to quartz (e.g. Banerjee et al. 2001).
However, as the IR stimulation does not fully erase the OSL signal in feldspar, the post-IR
BLSL signal is likely a composite of quartz and feldspar. The comparatively mild preheat
procedure of 10 s duration at 200 °C, suitable for quartz measurements, might further cause
the preservation of a feldspar signal. Nevertheless, possible variations in the signal ratio likely

indicate different provenance or weathering conditions (cf. Fitzsimmons et al. 2022).

The signal ratios were determined using the function Luminescence:
calc OSLLxTxRatio () of the R package ‘Luminescence’, version 0.9.16 (Kreutzer et al.
2021), pretending that the IR-induced signal was the L./L.-signal and the post-IR BLSL-
induced signal was the T,/T, signal (therefore larger ratios would point to more feldspar
emitting around 340 nm, in the simplified model here taken as a basis). IRSL and BLSL signals

were gained from the test-dose-induced luminescence. First, the 8 test-dose signals of a
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complete SAR measurement were averaged for each aliquot; then, the mean with standard

error of the three aliquots measured of each subsample was calculated.
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Figure S4.61: Results of the water content determination from the box subsamples. The lower samples
(luminescence samples) are systematically slightly wetter than the upper samples (dose rate samples),
likely due to water percolating in the downward direction into the horizontally stored sample blocks. Red
squares denoting positions of dose rate samples used for pDose analyses. Grey squares illustrating
water contents measured in additional block samples not further analysed in the present study. All data
values within an error margin of + 0.05. Smallest values above 1178 cm b.g.l. (6 BCk/Btg to top; mean
ca 1.04 upper samples; ca 1.06 lower samples). Largest values in lowermost 8 Btl (1315-1360 cm
b.g.l.; ca 1.14 upper samples; ca 1.16 lower samples). Intermediate resp. increasing values from 7 Btg
to 6 BCk/Btg (ca 1.07 upper samples; ca 1.10 lower samples)..
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S4.3 Results — Luminescence screening

Table S4.21: Analytical dose rate data and effective dose rates for the pIR125BLSL125-protocol.

Lab-Nosubsemple degth/horizon DL _kosm Erv DL bosm U En_ll Th Brfho K Enk Water_meas Water mod Em_Water mod a_value.fine_grain Er_a_valuefine_prain K_grain_imtem Eer_K_prain_inters Goaim_min Grain_max a_whe  Em_aalue DLef B DL eff
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HDS-1802 (flower box sample HDS-1802, subsample F (aliquot 1 — 3) and subsample G (aliquot 1 ~3) = BLSL, s — including the
three prompt readouts. Delays: ,prompt”, ca. 4 hours, ca. 1 day, ca. 2 days, ,prompt”.

Figure S4.62: Results of the g-value determination: BLSL125 signal, box sample HDS-1802, subsamples
F—G. While the three aliquots of subsample HDS-1802 F show within error margins g-values around
zero (no fading), the three aliquots of subsample HDS-1802 G show g-values around ca 7.
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HDS-1817 (flower box sample HDS-1817, subsample A (aliquot 1, 3), subsample B (aliquot 1, turntable position 4), subsample C
(aliquot 1, 3, position 7, 9) and subsample D (aliquot 3, position 12) = BLSL,;; = including the three prompt readouts. Delays:
Jprompt”, ca. 1day, ca. 2 days, ca. 4 days, ,prompt”.

Figure S4.63: Results of the g-value determination: BLSL125 signal, box sample HDS-1817, subsamples
A, B, C, D. While one aliquot of subsample HDS-1817 A shows a g-value which within the comparably
large error margin does not differ from zero, the other aliquots show g-values between ca 4 and 9.
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Figure S4.64: Results of the g-value determination: IR22s signal, box sample HDS-1803, subsamples A—
H. (a) including the three prompt readouts, (b) excluding the three prompt readouts. Eliminating the
prompt readouts leads to smaller g-values, mostly in agreement with zero-fading.
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Figure S4.65: Results of the g-value determination: IR22s signal, box sample HDS-1817, subsamples A—
F. (a) including the three prompt readouts, (b) excluding the three prompt readouts. Eliminating the

prompt readouts leads to smaller g-values, mostly in agreement with zero-fading.
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Figure S4.66: Results of the pIR-BLSL and plRsolR225-screening summarised per box (HDS-1802 to
HDS-1817, from top to bottom). Central “ages” (Galbraith et al. 1999) represented by broad light blue
and grey bars, error ranges by thin black and red lines. Des determined with the software Luminescence
Analyst, Duller, 2015). “Age” assessments by assuming a representative effective dose rate of 2.80
Gyl/ka for the pIR-BLSL protocol and 3.98 Gy/ka for the plResolR225 protocol. For details on the dose rate
assessment cf. S4.2 “Methods — Luminescence screening”.
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Figure S4.67: Representation of the age-depth relationship of the results of the pIR-BLSL and plReolR225.screening as hexbinplot (also hexplot), in which the
scattering of the data is reduced by binning (here maximum of 20 per hexagon). Counts equal the number of “ages” in one hexagon area. The figure shows the
general pattern of the “ages”, which generally increase with depth. The plReolR225 “ages” are systematically older than the pIR-BLSL-“age estimates”.
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Abstract

Loess palaeosol-sequences (LPS) provide valuable terrestrial archives, preserving
palaeoclimatic and palaeoenvironmental information over long periods. LPS in the central
European loess belt, in the temperate zone to the north and the Mediterranean further to the
south, were studied intensively in the past. Here we present new results for the LPS Baix,
situated in the northernmost part of the Mediterranean zone, linking (palaeo-)climatic
conditions from the Mediterranean to the temperate zone during the Late Pleistocene. The ca

14 m thick LPS Baix, located in the Rhéne Rift Valley, SE France, was investigated using
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sedimentological and palaeopedological methods combined with optically stimulated
luminescence- and AMS radiocarbon dating from mollusc shells. The LPS Baix was formed
over the Last Interglacial to the present-day by loess sedimentation, (palaeo-)soil formation,
(bio-)turbation and local reworking of both loess and soil horizons. Thicker loess deposits
between the preserved palaeosols are attributed to the MIS 4 and MIS 2, respectively. The
unimodal grain-size distribution resonates with findings from central European LPS. For the
Last Interglacial/Early Glacial (MIS 5), a polygenetic, Stagnic Luvisol with its Bt(g) horizons
confirms more humid conditions during late MIS 5 compare to central European LPS. The thick
MIS 4 loess deposits contain a biparted brown Bw soil, which formed during late MIS 4 to MIS
3, suggesting changing moisture conditions. A Calcic Cambisol complex with striking
carbonate nodules was formed during the MIS 3. Cambisols are present in the Mediterranean
and the temperate zone LPS. However, Mediterranean LPS are associated with an underlying
horizon with prominent carbonate nodules, suggest at least on intense leaching phase (marker
function). Unlike in the temperate zone, at Baix, no palaeosols and/or active-layer soils are
present in the Upper Pleniglacial (MIS 2) deposits. Contrary, the recent Cambisol appears less
weathered than the palaeosols due to intense anthropogenic activity. Thus, the syn-
sedimentary, intensively reworked and bioturbated character of the loess deposits as well as
their partly polygenetic soils and soil complexes of the Baix LPS reflect a gradient of decreasing

magnitude of Late Pleistocene climate changes from central Europe to southern Europe

Keywords: Loess-Palaeosol-Sequence, Late Pleistocene, Palaeoenvironment, Pedology,
Rhéne Rift Valley

5.1 Introduction

Loess-palaeosol sequences (LPS) are valuable archives to reconstruct changes in
palaeolandscapes in response to climatic shifts. Throughout the Pleistocene, larger riverbeds
presented sources of dust deflation, while river terraces and valley slopes were prominent
accumulation zones (Fig. 5.68). LPS display typical stratigraphic patterns due to a supra-
regional climatic forcing, with prominent pedo-stratigraphy characteristics reflecting regional
and local climate conditions (Pye, 1995). LPS of temperate regions are generally highly
resolved records, with distinct responses to climatic shifts in the form of various palaeosol
horizons and permafrost-related features (Semmel, 1968; Bibus and Semmel, 1977; Guenther,
1987; Antoine et al. 1999, 2016, 2021; Frechen et al. 2007, Schirmer 2012, 2016; Fischer et
al. 2021, Lehmkuhl et al. 2021). In contrast, Mediterranean LPS are marked by a less
diversified pedo-stratigraphy, and loess and palaeosol units are generally highly reworked and
(bio)-turbated hampering pedo- and chronostratigraphic analyses and interpretation.
Furthermore, Mediterranean LPS display scattered frost-related features (Bonifay, 1965;
Brunnacker, 1974; Ferraro, 2009; Wacha et al. 2011a, 2011b; Boixadera et al. 2015; Zerboni
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et al. 2015; Costantini et al. 2018; Wolf et al. 2019; Bertran et al. 2021; Lehmkuhl et al. 2021).
These LPS are each typical “representatives” of the prevailing northern (N) temperate and
southern (S) Mediterranean conditions. By contrast, LPS in the transition zone along the N-S
gradient remain hardly studied. Amid the ongoing pivotal climate change debate, it is crucial
to understand past climatic responses of susceptible sensitive transition zones, particularly
those areas within the expected northward shift of the boundary between the Mediterranean
and temperate environments (Ottlé et al. 2001; Gao and Giorgi, 2008; Giorgi and Lionello,
2008). Most northern Mediterranean LPS are cut off from temperate regions beyond high
mountain ranges (e.g. the Pyrenees, the Alps, Apennines, Dinaric Alps, Pindus mountains)
(Fig. 5.68). Thus, the LPS of the Rhone Rift Valley in SE France presents unique archives as
the N-S orientated Rift Valley is marked by a change from temperate to Mediterranean climate
conditions with around 45° N (Valence), denoting the present-day transition between the two
zones (Meteo-France, 2020).

Loess in the Rhoéne Rift Valley was studied in the past by Suen (1934), Mazenot (1956),
Bourdier (1958), Bonifay (1965), Dubar (1979) and more recently, including numeric dating, by
Franc et al. (2017) and Bosq et al. (2018, 2020a, 2020b). According to loess maps of Haase
et al. (2007) and Lehmkuhl et al. (2021), the distribution of aeolian sediments is patchy in the
southern Rhone Rift Valley, whereas the map of Bertran et al. (2021), derived from grain sizes
of topsoils, suggests a more widespread distribution of loess and sandy loess (Fig. 5.69).
Furthermore, the map of Bertran et al. (2021) and observations by Bosq et al. (2018, 2020b)
suggest a change of the loess facies from loess to sandy loess. This change indicates a
possible alteration of LPS characteristics within the Rhone Rift Valley, whereas the region near
Valence (~45° N) represents a transition area. The area around Valence coincides with the
recent transition zone from temperate to Mediterranean conditions. The LPS study site Baix is
located within that area, 25 km southwest of Valence (Figs. 5.68, 5.69).

We present results from soil-colour measurements, physical and chemical soil-sediment
analyses to reconstruct the palaeoenvironmental evolution at the site. For chronostratigraphic
correlations ages from the lower 7 m of the profile gained by i) a luminescence screening on
minimally prepared material (Pfaffner et al. 2024) ii) optically stimulated luminescence (OSL)
dating on feldspar coarse grains, polymineral fine grains and quartz fine grains from six OSL
block samples and (iii) accelerator mass spectrometry (AMS) radiocarbon dating on gastropod

shells from the upper part of the sequence was applied.

The results will be used to investigate on a pedo-stratigraphic level whether the present-day
transition character of the area was archived in the Baix LPS and/or at which times in the Last
Interglacial-Glacial cycle the Baix LPS shows typical characteristics of temperate or

Mediterranean conditions. These settings enables us to discuss (i) the changes in the aeolian
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deposits in the Valence area (Haase et al. 2007; Bosq et al. 2020b; Bertran et al. 2021,
Lehmkuhl et al. 2021) and (ii) to test the hypothesis of Brunnacker (1974) that the extension
of the Mediterranean climate conditions during the Last Glacial corresponds to the recent
climate setting. Thus, Baix will be compared with well-known LPS from temperate central

European regions and northern Mediterranean LPS of Italy and western Croatia to the south.
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Figure 5.68: Map of aeolian deposits in western Europe based on Bertran et al. (2021) and Lehmkuhl
et al. (2021), location of loess-palaeosol sequence (LPS) Baix, Collias and selected LPS of NW-France*
(incl. Havrincourt, Renancourt, Saint-Acheul, Saint-lliers, Saint-Pierre4és-Elbeuf, Saint-Sauflieu,
Villiers-Adam (Antoine et al., 1999, 2016, 2021)), LPS of Belgium* (incl. Harmignies, Kesselt, Rocourt,
Remicourt, (Frechen et al. 2001; Antoine et al. 2016; Haesaerts et al. 2016)), LPS of the Rhine Valley*
(incl. Achenheim, Garzweiler, Grafenberg, Nussloch, Schwalbenberg, Remagen, Schatthausen
(Antoine et al. 2001, 2009a; Rousseau et al. 2002; Schirmer, 2002, 2012, 2016; Frechen et al. 2007,
Gocke et al. 2014, Fischer et al. 2019, 2021) LPS of Collias (SE-France, Bosq et al. 2020b), LPS of the
Ebro Valley* (incl. Guiamets, Tivissa, Mas de I'Alerany, Batea, Almenara (Boixadera et al. 2015)), LPS
of the Po Valley* (incl. Bagaggera, Monte Netto, Val Sorda (Ferraro et al., 2004, Ferraro, 2009; Zerboni
et al. 2015; Costantini et al. 2018)), LPS of Susak* (incl. Sand Pit, Bok, Savudrija (Wacha et al. 2011a,
2011b 2018; Zhang et al. 2018)). Extension limits of the Mediterranean bio-geographical conditions and
Alpine bio-geographical regions. (Data: Elevation map of Europe (1 km x 1 km) and shapefiles of bio-
geographical regions provided by European Environment Agency (EEA), 2021.)

5.2 Regional settings

The Baix LPS (44°42'36.30" N, 4°43'20.80" E, 155 m a.s.l) is located in a former quarry at
Brune, 25 km SW of Valence, with in the middle of the Rhéne Rift Valley (Figs 5.68, 5.69). The
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Figure 5.69: Map of aeolian and fluvial deposits in the Rhdne Rift Valley area derived from Bertran et al.
(2021) and Lehmkuhl et al. (2021) and location of loess-palaeosol sequence (LPS) Baix. (Map data:
Digital Elevation Model (DEM) with a 12 m x 12 m resolution derived from the TanDEM-X data Mission
(2011-2015) from the German Aerospace Centre (DLR). b & f) Profile photos of “Baix_west” (b) and
main profile “Baix” (f), Rhéne Rift Valley, SE France with designated soil horizons. White optical
luminescence labelling (OSL-6 to OSL-8 and OSL-1 to OSL-3) marks sample positions for OSL dating;
black rectangles marks positions of thin section samples. c¢) Interglacial palaeosol complex of Baix LPS
represented by a Stagnic Luvisol with prominent hydromorphic features. d) Upper interstadial palaeosol
of Baix LPS represented by a truncated Calcic Cambisol underline by prominent in situ carbonate
nodules. e) Sampling scheme of Baix LPS: vertically carved in slots highlighted with the white rectangle
marks sediment columns collected in flower boxes for OSL screening (Pfaffner et al., 2024); plastic foll
covered sediment blocks marks samples for OSL dating and used Kubiéna frames for
micromorphological investigation (Photos: D. Sauer (2017-2020)).

Rhoéne Rift Valley is part of the European Cenozoic Rift System (ECRIS), a wide north-south
orientated graben structure (Ziegler and Dezes, 2007). Bounded by the Massif Central and the
Alps composed of Palaeozoic rocks and Mesozoic and Cenozoic rocks, respectively, the
graben is mainly filled with deposits reaching from the Oligocene and Miocene to the Pliocene
and Pleistocene (BRGM 2021). Due to uplifting, dissecting and eroding of the diverse geology,
the Rhone Rift Valley is characterised by an alternation of wide basins and epigenetic
constrictions with various smaller side basins (Fig. 5.69). Loess deposits of the Rhéne Rift
Valley originated from glacial and fluvio-glacial deposits from the Alps and Massif Central
(Suen, 1934; Bosq et al. 2018, 2020a). In the northern part of the valley, loess mainly covers
the plateaus, large basins, and terraces, whereas in the south, the deposits primarily occur
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along the tributaries covering partially bedrock, partially, the fluvial terraces and the smaller
side valleys of the Rhéne (Fig. 5.69) (Suen, 1934; Mazenot, 1956; Bosq et al. 2018). The valley
is drained by the Rhéne River and several side tributaries, whereas the eastern tributaries of
the Rhone (e.g. Isére, Drébme, Durance) originating in the Alps, are described to provide a
higher/more intense sediment load, compared to steep shorter rivers (e.g., Ardeche, Gardon,
Ceze) from the Massif Central (Olivier et al. 2009) (Fig. 5.69). The present-day climate in the
valley is characterised by a gradual change from temperate climate conditions in the north to
Mediterranean conditions in the south. The temperate climate of the northern valley is
distinguished by warm summers (up to 3 arid month) and cold, humid winters (mean annual
temperature (MAT): ~13 °C) with mean annual precipitation (MAP) between 800 mm and 900
mm (Meteo-France, 2022a). The mountainous and eastern regions of the valley reached
higher MAP of 1200-1400 mm and summer storms are common (Diodato et al. 2016). The
Mediterranean climate is characterised by hot, dry summers with 5 arid months, MAT: 214 °C
and humid winters with MAP: 2500 mm (Meteo-France, 2022c, 2022d). The wind system of
the valley is influenced by different origins of advect air masses (Mediterranean, maritime,
polar maritime and subtropical), which led to synoptic circulations and resulting in a high yearly
and seasonal variability of precipitation and wind intensities (Diodato et al. 2016). The
dominating wind systems are the cold blowing Mistral and Tramontane. The strong north-
northwestern blowing Mistral travels as well as the western blowing Tramontane, through the
channelled valleys before opening into the Mediterranean Sea (Obermann et al. 2018). The
lower foothills of the Cévennes form along the western side of Rhéne Rift Valley a small side
basin filled with debris of Cretaceous limestone and basalts. The Baix LPS is situated in the
wind shadow at the south-eastern foot slope of the small side basin (Pfaffner et al. 2024). Thus,
both the general wind situation and the topographic position of the Baix LPS explain the patchy
occurrence of a loess patch just at the LPS site Baix. It is known that the source area(s) of the
loess deposits at the site Baix was the dried-out river bed of the river Rhéne, as it has been
proven for other loess sites along the Rhéne valley (Bosq et al. 2020a). This does not exclude
the possible admixture of material from more proximal sources like river beds of smaller local

tributaries (e.g. Payre, 'Ouveze) or hill slope above the LPS site.

5.3 Material and methods

5.3.1 Sampling and description

We studied the main profile “Baix” with a total thickness of 13.7 m during three field campaigns
between 2018 and 2020. An additional profile, “Baix_west” (thickness 8.50 m), was cleaned to
assess the spatial variability of the sediments and palaeosol horizons (Fig. 5.69b, 5.69f). The
observed characteristics and horizon designations were described according to the Food and

Agriculture Organization guidelines of the United Nations (FAO, 2006), and corresponding soil
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types were afterwards classified according to World Reference Base for Soil Resources (IUSS
Working Group WRB, 2022). The horizons of profile Baix_west generally concur with those of
the main profile (Fig. 5.69b, 5.69f). In both profiles, a prominent carbonate nodules horizon
appears at a depth of ~850 cm. However, small differences in the position of the upper loess
horizons suggest a gentle southwestern inclination, which coincides with the local convex
ridge-relief. Both profiles show abundant bioturbation features, exhibiting recent and sediment-
filled former root channels and filled earthworm channels (Pfaffner et al. 2024). While the main
trends of the determined weathering proxies of Baix_west (cf. Fig. A5.76) coincide with those
of the upper part of the main profile, we refer in the following results and discussion sole to the
results of the main profile of Baix.

The main profile Baix comprises in total of 19 soil and loess horizons. More detailed from
bottom to top:

Interglacial soil-complex:

consisting of two well-developed, reddish-brown Bt horizons (8 Bt2, 7 Btl) and an reddish-
orange-brown 7 Btg horizon, imprinted with in situ hydromorphic features and clay coatings,

classified as a Stagnic Luvisol (Fig. 5.69c).
Lower interstadial soil:

is represented by a brown bisected Bw horizon (6 Bw3) underline by an erosional 6 BCk/Btg
horizon, representing a mixture of yellow-brown loess and reworked reddish-brown Btg

material from the beneath interglacial palaeosol complex.
Upper interstadial soil:

represents a truncated Calcic Cambisol remain consisting of a reworked brown 5 Bw2, followed
by an in situ brown 5 Bk2 horizon and a brownish 5 BCk4 horizon, both containing striking
large carbonate nodules (~850 cm depth) (Fig. 5.69d).

Holocene soil:
the recent brown intensively bioturbated Cambisol comprising of the Ah, Bw1, Bk1 horizons.
Intercalated loess deposits:

several light brown, grey-brown to yellow-brown loess horizons (3 BCk3, 2 Bck2, CBk, Ck1,
BCk1) with varying degree of pre-weathering.

A detailed description of the field characteristics of the main profile Baix is presented in Pfaffner
et al. (2024).
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We sampled a vertical column continuously every 10 cm for chemical and texture analyses,
respecting distinct changes in texture and colour. The samples were air-dried, sieved (<2 mm
mesh size) and homogenised. Four samples from the palaeosol horizons (Bk1, 5 Bw2, 6 Bw3
and 7 Btg) were carved out with the help of Kubiéna boxes for micromorphological analyses
(Fig. 5.69b, 5.69¢, 5.69f).

For OSL dating (Huntley et al. 1985) loess material for (i) screening was sampled continuously
in plastic flower boxes (5 cm resolution) from the lower ca 7 m (Fig. 5.69¢, Pfaffner et al. 2024)
and (i) 6 block samples, which also stratigraphically covers the lower ca 7 m of the main profile,
were collected. Three samples OSL 1 to OSL 3 (HDS-1799 to HDS-1801) were collected from
the main profile Baix from the Early Glacial to Lower Pleniglacial horizons (7 Btl, 6 BCk/Btg
and 5 BCk5) (Fig. 5.69¢). The other three samples OSL 6 to OSL 8 (HDS-1776 to HDS-1799)
were collected from the additional profile Baix_west from the assumed Middle Pleniglacial
palaeosol remains from horizons 5 Bw2, 3 BCk3 and 2 BCk2. These horizons correspond to 5
Bk2, 3 BCk3 to 4 BCk/Bw and 2 BCk2 to 3 BCk3 in the main profile (Fig. 5.69b, 5.69f).

Ten samples of bulk sediment, each of approximately 10 I, were taken at regular intervals from
the upper 7 m of the LPS to collect mollusc shells for 14C-AMS dating at the Laboratoire des
Sciences du Climat et de 'Environnement (LSCE) de Gif-sur-Yvette (France). The samples
were wetly sieved on a 425 mm mesh, and the mollusc shells were cleaned by ultrasonic
treatment.

5.3.2 Analytical methods

Texture and grain size proxies

High-resolution grain size distribution (GSD) data provide valuable information about transport
mechanisms of aeolian sediments under consideration of their complex environmental
situations such as topography, microclimate, vegetation and influence of post-depositional
processes (Pye, 1995; Rousseau et al. 2002; Vandenberghe, 2013; Lehmkuhl et al. 2016;
Ujvari et al. 2016a; Schulte et al. 2018; Vandenberghe et al. 2018; Varga et al. 2019).
Granulometric data was measured with a Laser Diffraction Particle Size Analyzer (Beckman
Coulter LS 13320), for analysis samples were prepared following ISO 11277 (2020) and 13320
(2020). For GSD determination, an optical model according to the Mie theory with Rl 1.56i0.1
suitable for quartz was applied (ISO 13320, 2020) and besides using the statistical parameters
(e.g., mean, mode of GS) of the 116 grain size classes from 0.04 pm to 2000 pum, primed
particle-size classes for clay, silt and sand in vol % (FAO, 2006) was additionally used.
However, clay contents (<2 um) are known to be underestimated by the laser diffraction
method, and slightly higher contents can be assumed (Konert and Vandenberghe, 1997;
Beuselinck et al. 1998; Ujvari et al. 2016a)

172



To identify modes and GS variations, thus reconstructing environmental and climate
conditions, variable proxies were used, each influenced by different factors (e.g., wind speed,
distal and local transport, post-depositional process) (Ujvari et al. 2016a; Schulte et al. 2018;
Schulte and Lehmkuhl, 2018). A logarithmic distribution characterises total and mean
abundance of GS of loess and soil horizons. Additionally, the GSI (26-52 um/<26 pm), the U-
ratio (16—44 ym/5.5-16 pum) was chosen to reduce the influence of pedogenic clay, and the
Si/Al ratio was considered an indicator for particle sorting (Vandenberghe et al. 1985; Antoine
et al. 2009a; Liang et al. 2013). The clay/silt ratio and fine to coarse clay (<0.04 um/0.63-2.0
pm) ratio were applied to determine palaeosol horizons and the amount of illuvial clay in

assumed palaeosol horizons.

Soil analysis, weathering proxies and colour

Major element concentrations were used to apply geochemical indices based on their molar
proportions to identify the loss of bases from silicate weathering due to pedogenesis. The
following indices were used: the Wlyer calculated as Wiver = (Ca (after subtraction of Ca in
CaCOg3)+Mg+K+Na)/Al (Sauer, 2016) and the CPA index (Chemical Proxy of Alteration),
calculated CPA = Al>03/(Al.O3s+Na»0)*100 (Sheldon and Tabor, 2009; Buggle et al. 2011). The
Si/Al ratio was also applied to detect the enrichment of aluminosilicates (Liang et al. 2013).
Total contents of Fe, Al, Ca, Mg, Si, and Mn were obtained by fusing samples with a Lithium-
meta-tetraborate mixture (ratio 1:4), diluted with 5 % HNOs3 and analysed by inductively
coupled plasma optical emission spectrometry (ICP-OES, iCAP 7000, Thermo Scientific). The
total content of Na and K was determined by a flame spectrometer (Elex 6361, Eppendorf).
Pedogenic Fe, Al and Mn contents were determined by Na,S,04 extraction and analysed by
ICP-OES (iCAP 7000, Thermo Scientific) (Sparky and Bartels, 2009). The ratios of Fed/Fe; and
Mng/Mn; as depth functions reflect the degree of weathering and changing hydromorphic
processes, which helps identify weathered zones compared to less and non-weathered zones.
Calcic carbonate contents (CaCO3) were measured by the gas-volumetric method using a
Scheibler apparatus and stated in calcium equivalents in wt % (Blume et al. 2011). Soil organic
carbon (SOC) contents were obtained by quantifying total carbon (C) contents with a CHN
elemental analyser (TruSpec Micro, LECO) in wt %, and subsequently, CaCOs; was subtracted

from the total C contents.

LPS colour changes reflect changing palaeoenvironmental conditions (Pécsi and Richter,
1996; Sprafke, 2015; Wang et al. 2016). Thus, a light yellow(-ish) colour most likely results
from calcareous loess deposits during cold-dry conditions, whereas darker brown and/or red
colours indicate the presence of Goethite and Hematite built under temperate-warm climates
with differing humid conditions (Pécsi and Richter, 1996; Sprafke et al. 2020). Quantified

colour-based stratigraphy attained more attention recently, e.g., in LPS studies of Chen et al.

173



(2002), Gocke et al. (2014), Sprafke (2015), Wang et al. (2016), Zeeden et al. (2017), Sprafke
et al. (2020), Krauss et al. (2021) and Laag et al. (2023). To detect and quantify colours more
sensitively, we used a handheld spectrophotometer CM-700d (Konica Minolta). Fine earth
samples were measured three times (10° standard observer, SCI) and the mean results were
converted into the CIE colour index, reflected by the L*a*b* by SpectraMagic NX software (CIE,
1976). L* (metric lightness function) represents the brightness or luminance (range 0-100),
and a* and b* the chromaticity coordinates opponent red-green scales (a*) and opponent blue-
yellow scales (b*) (Viscarra Rossel et al. 2006). Although it is not possible to separate between
in situ and reworked soil material or secondary carbonate enrichments, the chromatic
parameter a* and derived ratios are valuable tools to detect the influence of weathering on

sediments.

For thin section analyses the remaining pore water of the undisturbed, orientated blocks for
was gradually exchanged with acetone. After, the blocks were impregnated with hardening
resin (Palatal), cut into smaller blocks, glued on a glass slide (28 mm x 48 mm) and (hand-)
polished to <30 um thickness. According to Stoops (2021), semi-quantitative characterisations
of the thin sections were carried out and photomicrographs taken with a Keyence VHX-7100/-

E100 polarising, digital microscope in-plane polarised and crossed polarised light.

5.3.3 Age determination

Luminescence dating

In addition to the luminescence screening on 126 minimally prepared small subsamples (ca 1
cm x 1 cm x 1 cm) from sediment samples (“flower-box samples” HDS-1802 to HDS-1817) of
the lower ca 7 m of the profile Baix (Pfaffner et al. 2024), for the present study, we collected 6
block samples for optically stimulated luminescence (OSL, Huntley et al. 1985) dating (HDS-
1776 to HDS-1778; HDS-1799 to HDS-1801), which stratigraphically also cover the lower ca
7 m of the main profile. For luminescence dating, both fine grains (4—11 um) and coarse grains
(125-212 um) were available, but quartz coarse grains turned out too scarce for luminescence
dating. Details of the sample preparation are given in the supplement (Table S5.24). For OSL
dating, the single aliquot regeneration (SAR) approach was applied (Murray and Wintle, 2000).
While quartz fine grains were measured with a blue-light stimulated (BLSL) SAR protocol
(Murray and Wintle, 2000) detecting the ultra-violet luminescence emission around 340 nm,
feldspar coarse grains and polymineral fine grains were measured with a post-infrared (at 60
°C) infrared (at 225 °C) stimulation (pIReolR225) protocol (Thomsen et al. 2008) detecting the
blue-violet emission around 410 nm. Details on measurement configurations, pretests for
adapting the protocols to the Baix samples, parameters of data analyses as well as results of
the equivalent doses (D) of individual aliquots and the De distribution of a sample are given in

the supplement (“S5.4 Results”). In addition, for the quartz fine grains, the results of a series
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of additional tests are provided in the supplement, which were conducted to investigate
possible reasons for the unexpectedly large quartz fine grain ages. Furthermore, the analyses
of the feldspar coarse grain measurements are accomplished by tests investigating the
suitability of the T,/T, sensitivity curves as a proxy of (1) material source or (2) poor bleaching
(Chen et al. 2013). For dose rate estimation, the contents of radionuclides were determined
with the pDose system in the luminescence laboratory at Gie3en University (Kolb et al. 2022).
For further information on the radionuclide contents and the age calculation see the
supplement (Fig. S5.131, S5.132).

AMS radiocarbon dating

Two small mollusc taxa were selected for dating depending on their respective abundance in
the samples, i.e. Pupilla muscorum and Trochulus hispidus. These species live on vegetation
and are assumed to be suitable for chronological investigations (e.g., Pigati et al. 2010; Ujvari
et al. 2016b). Radiocarbon ages were calibrated to calendar ages with the IntCal20 calibration
curve (Reimer et al. 2020), using the software Calib in version 8.2 (Stuiver et al. 2021).

Calibrated ages are reported as age ranges at the 2 sigma (o) confidence level (95.4 %).

5.4 Results

5.4.1 Texture

The mean percentages of the main grain-size classes read clay: 11 %, silt: 72 % (coarse silt,
20-63 pm: 44 %), and sand 17 % (finest sand, 63—-125 pm: 15 %) for the main profile Baix
(Fig. 4). Loess horizons contain the highest proportion of the silt fraction (76 %) and the lowest
proportion of clay (9 %), soil units are marked by the highest clay contents of 13-18 % (Fig.
5.71).

The curve shape of the GSD of all samples shows a unimodal-like distribution with the main
mode at the coarse silt fraction (~44-50 um), indicating an aeolian origin of the sediment (Fig.
5.70). Two subpopulations in the fine/middle silt (~5—12 pum) and middle clay ranges (~0.2—-0.3
pm) within the fine tail of the distribution curve can be associated with soil formation (Fig. 5.70).
Throughout the profile, the mean GS ranges between 29 um and 65 um with an average of 36
pm, while the median grain size ranges from 23 um to 41 um, and the average is 30 um. The
curve is generally slightly positively skewed (Fig. A5.75). Thus, GS tends to coarsen. The
class-wise and subpopulation changes and shifts of the mean, median and double standard
deviation of GS along the depth axis is presented in Fig. A5.75 in the appendix. The upper 2
m (Holocene soil and upper loess horizons) and horizons of the upper interstadial soil are
marked by shorter variations in GS, poor sorting and high kurtosis and skewness, which shifts
at larger depth to a highly sorted, fine-skewed sediment with an unvaried kurtosis, respectively

(Figs. 5.71, A5.75). Thus, these deposits suggest either grain transport over short distances
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or, more likely, sediment reworking, whereas the lower sediments of the profile instead suggest
in situ deposited loess. In the field, no layering/sorting of the sediment was observed. However,
most of the horizons contain a scattered number of small gravels and charcoal pieces, and in
accordance with the foot slope position of Baix, a gentle erosion and re-accumulation of loess
are suggested. All horizons consist of homogenous silts, whereas for the intercalated loess
horizons, an increase of the GIS towards the top, accompanied by a constant decrease of the
silt fraction and an increase of the fine sand fraction, was observed respectively and reflected
by an increase of mean and median GS (Fig. A5.75). The U-ratio (1.55-3.03), GSI (0.34—-0.79)
and Si/Al (4.55-6.64) show maxima within assumed loess depositions and decrease in
palaeosol horizons, whereas clay/silt (0.13-0.27), fine clay/coarse clay (0.16-0.57) ratios
acting oppositely (Fig. 5.71).
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Figure 5.70: Logarithmic distribution curves of 116 classes (<0.2 um — 2000 um) of the grain size (GS)
of the fine earth fraction of loess-palaeosol sequence Baix. Left: Absolut abundance in vol % <2 mm of
the 130 soil samples. Right: Mean grain size of determined soil horizon types (red colour: Bt (g) horizons;
brown colour: Bw horizons; yellow colour: different intensively weathered loess horizons (C, CB and
BQ)).

5.4.2 Soil-chemical characteristics, colours, and micromorphology

The interstadial palaeosol complex displays decalcified material with ca 0.3 to 2.5 wt % eq.
CaCOs. In addition, two cycles of decalcification are visible. Both start with maxima of ca 23
wt % eq. CaCOs, firstly from beneath the Holocene soil secondly from beneath the upper
interstadial soil (Fig. 5.71). From the Bk1 horizon until the 7 Btg horizon relocated and in-situ,
hard carbonate nodules of various sizes are observable, which indicates a constant cycle of
leaching and enrichment of secondary carbonates.

The soil organic carbon (SOC) contents fluctuated between 0 wt % and 0.5 wt % (maximal
value for Ah horizon with 2.5 wt %), showing increasing trends in the upward direction (Fig.
5.71). The weathering indices record their maximum values within the palaeosol horizons and

their minima in the loess sediment.
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*well-developed Bt (g) horizons: highest Fed/Fer: 0.90; Mnds/Mn:: 1.35; CPA: 80 ratios and
lowest Wlver: 0.49 and Si/Al: 4.5 ratios,

*Bw, Bk horizons: medium Fegd/Fe:: 0.60; Mng/Mn;: 1.1; CPA: 74; Wlver: 0.70 and Si/Al: 5.0—

5.9 ratios,

*loess horizons ranging from BCk to Ck: lowest Fed/Fer: 0.55-0.45; Mng/Mn;: 1.17-0.86; CPA:
73-68 ratios and highest Wlver: 0.70-0.95 and Si/Al: 5.1-6.6 ratios (Fig. 5.71).

The variations of the colour values show a clear pattern. The fluctuation of the lightness (L*
value) throughout the profile reflects the diversity of the colour of the deposits (Fig. 5.71).
Generally, lower L* values for the soil horizons and higher values for the loess sediments were
observed. The chromatic values of a* and b* display a similar pattern, with maxima values for
palaeosol horizons (a*:11; b*:32), attributed to the formation of Fe oxides and minima for the
loess horizons (a*: 5; b*: 22). The minima values coincide with the least weathered loess
horizons designated Ck horizons. Like the L* values, the values a* and b* for the recent Ah
horizon do not conform to the sediments and soil horizons below (Fig. 5.71). By combining

chromatic parameters (a* and b*), sediment and soil horizons are differentiated (Fig. 5.71).

Micromorphology

The four thin sections taken from each investigated soil of Baix and Baix_west are generally
composed of quartz, feldspars, biotite, calcites and very few garnet minerals (Fig. 5.72a-d).
Their microstructures range from massive, channel, vughy (Fig. 5.72c) over subangular and
rounded/vermicular (Fig. 5.72a) to a weakly subangular to angular blocky microstructure (Fig.
5d). Whereas the Holocene soil and the brown Bw horizons display a crystallic to stippled
speckled b-fabric (Fig. 5.72h, 5.72j, 5.721, 5.72n), shows the 7 Btg horizon a clear poro-striated
b-fabric (Fig. 5.72r, 5.72t). The void system of all sections is dominated by biogenic pores,
e.g., channels and chambers with some vughs (Fig. 5.72a—d). Although, the soils are
decalcified, except for the Holocene soil, they show enrichments of secondary carbonates in
terms of micrite hypocoatings (Fig. 5.72p). In all soil horizons redoximorphic nodules of various
size, shape an origin are displayed, generally define as orthic and disorthic Fe/Mn nodules
(Fig. 5.72m, 5.72k). Within the thin section of the 6 Bw3 horizon a Fe depletion zone was
observed (Fig. 5c). Furthermore, in the 6 Bw3 and the 7 Btg horizons, two large reddish
anorthic nodules containing Fe and limpid clay coatings were observed (Fig. 5.72c, 5.72d).
Due to the clay coatings they are interpreted as relocated aggregates of various distances and
intensities (Fig. 5.720). Further pedofeatures, like clay and clay-silt coatings are observed in
all thin sections along the voids and aggregate surfaces (Fig. 5.72g, 5.72i, 5.72k, 5.72s). In
situ as well as fragmented, limpid layered clay coatings were only observed in the 7 Btg horizon

(Figs. 5d, 5q, 5s). The layers along the void wall seem to begin with limpid orange clay coatings
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Figure 5.71: Loess-palaeosol section (LPS) Baix, Rhone Rift Valley, SE France with soil formation units
marked as grey bars. Depth related upper curves of: grain-size fractions of clay (<2 pum), silt (2—63 pum)
and sand (63—2000 pm) in vol %; grain-size ratios: U-ratio (16—44 um/5.5-16 um), grain-size index (GSlI)
(26-52 pum/<26 um), clay/silt (<2 um/26—63 um), fine clay/coarse clay (<0.2 um/0.63—-2 um) and grain-
size fractions of clay (fine clay (FC): 0.04-0.2 um, medium clay (MC): 0.2—0.63 um, coarse clay (CC):
0.63-2 um), silt (fine silt (FSi): 2—6.3 um, medium silt (MSi): 6.3—20 um, coarse silt (CSi): 20—63 um)
and sand (fine sand (FS): 63—200 um, medium sand (MS): 200—630 um, coarse sand (CS): 630-2000
pum). Depth related lower curves of calcic carbonate equivalents in wt %, contents of soil organic carbon
(SOC) in wt % and chemical proxy of alteration (CPA) (100*Al203/(Na20+Al203)), weathering index of
molar element ratio (WImer) (Ca (after subtraction of Ca in CaCOz)+Mg+K+Na)/Al)), Si/Al and, ratios of
pedogenic to total contents of iron and manganese (Fed/Fet, Mna/Mn:) and colours of the CIE colour
index, reflected by the parameters L*a* b* and ratio of a* and b*. SC: soil complex; SSC: soil -
sediment-complex; GL: gravel lense; ED: erosional discontinuity.

followed by dusty, grey-brown clay-silt coatings and ending with Fe coatings, which suggests
different conditions during their formation (Fig. 5.72s). Using a A retardation plate, a parallel
orientation (shown by a blue colour and clear extinctions) to the void walls could be determined,
supporting the assumed in situ illuvial process. Thus, verifying an in situ 7 Btg horizon.
However, considering the fragmented clay coatings within the ground matrix and the relocated
aggregate, two explanation for these contradicting features are possible: i) different
generations/phases of illuviation including relocation of the soil aggregates or ii) dis/relocation

of coatings and aggregates induced by local intense bioturbation. Considering the position of
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the profile, the first scenario seems highly likely, although the occurrence of various passage

features rather indicate that both scenarios took place simultaneously. Passage/bioturbation

features and calcite earthworm granules are observed through all horizons (e.g. 5.72a, 5.72e,
5.72f).

Figure 5.72: Photomicrographs of whole thin sequences (3 cm x 4 cm) and photomicrographs with
various magnifications of the profiles Baix and Baix_west, Rhéne Rift Valley, SE France. a) Baix, light
brown, calcified Bw1 horizon (43-51 cm): with a subangular and rounded/vermicular microstructure due
to intense bioturbation. Equable, rounded brown aggregates, micrite hypocoatings along voids dense
calcite infillings. Remains of calcite earthworm granules (& 670 um) and root residues (plane-polarised
light; PPL). b) Baix_west, brown 5 Bw2 horizon (734-742 cm): subangular-blocky microstructure with
accommodated voids. Channels are partly infilled with rounded, bioturbated, aggregates. Frequent
disorthic, rounded, elongated, digitated Fe/Mn nodules and typic, digitated orthic Fe nodules (& 580 pum)
with fine bulgs (PPL). c¢) Baix, brown, decalcified 6 Bw3 horizon (1133-1141 cm), massive to channel,

179



vughy microstructure. In situ channels partly filled with porous microaggregates. Orthic and disorthic,
rounded and digitated Fe/Mn nodules (& 350 um). Bleached zone induced by depletion of clay and Fe
oxides. (PPL).d) Baix, reddish-orange brown, decalcified 7 Btg horizon (1209-1217 cm), weakly
subangular to angular blocky microstructure with channels and vughs. Large, red, rounded anorthic
nodule with Fe and clay coatings and fragmented clay coatings. Common small round, digitated,
elongated, disorthic Fe/Mn nodules; larger typic orthic Fe nodules. e) Large, rounded passage feature
in a partly vermicular structure in upper left corner of panel (a) within the Bw1 horizon (43-51 cm). f)
Passage feature under cross-polarised light (XPL), showing crystallic and stippled speckled b-fabric with
calcite earthworm granule. g) Calcite infillings (needle-fibre calcites) and clay-silt coatings along in situ
voids of Bw1 horizon. h) Same area as panel (g) with stippled speckled b-fabric (XPL) i) Rounded, brown
aggregate of brown 5 Bw2 horizon of Baix_west with clay-silt coatings along the edges of the aggregate
(PPL). j) Same area as panel (i) with striated and stippled speckled b-fabric (XPL). k) In situ dusty clay-
silt coatings at the bottom of the void of 6 Bw3 horizon of Baix with abundant anorthic Fe nodules (PPL).
[) Same area as panel (k) with stippled speckled b-fabric (XPL). m) Dusty clay-silt coatings along voids
within the 6 Bw3 horizon of Baix. Typic to concentric orthic and anorthic Fe nodules (PPL). n) Same
area as panel (m) with stippled speckled b-fabric (XPL, HDR).0) One large rounded, reddish anorthic
nodule (& 2200 um) containing Fe and clay coatings (PPL) of 6 Bw3 horizon of Baix. p) Poro-striated b-
fabric and calcite hypocoatings of 7 Btg horizon of Baix (XPL, HDR). q) Fe-coatings, and infillings clay
coatings along voids of 7 Btg horizon of Baix (PPL). r) Poro-striated b-fabric and limpid clay coatings of
7 Btg horizon of Baix (XPL). s) In situ limpid orange clay and grey-brown clay-silt coatings along voids
of 7 Btg horizon of Baix (PPL, HDR). t) Same area as panel (s) with poro-striated b-fabric (XPL, HDR).
Abbr.: bz = depleted zone; cci= clay coating infilling; cc= clay coating; ch= calcite hypocoating; ci =
calcite infilling; cs = clay-silt coating; dz = depleted zone; eg = calcite earthworm granule; fcc =
fragmented clay coating; Fe-c = Fe coating; no = Fe/Mn nodule; pf = passage feature; ra rounded
aggregate; rr = root residue; wr= weathered rock fragments.

5.4.3 Chronological data
OSL screening results and block ages

Both pIResolR225 feldspar coarse-grain and plReolR225 polymineral fine-grain ages follow well the
results of the OSL screening (Pfaffner et al. 2024) (Fig. 5.73). While the results of the pIReolR225
dating provide methodically very reliable single-point data, the closer-spaced OSL screening
data accomplish the picture with a more continuous chronometric “backbone®. The course of
the OSL screening data and the plRsolR225 ages meet the stratigraphic expectations derived
from the fieldwork and pedo-sedimentary analyses (cf. Pfaffner et al. 2024). By contrast, the
guartz fine grain ages overestimate the other data in each case. This finding is surprising, as
the luminescence signal of quartz is assumed to reset faster than that of feldspar (Godfrey-
Smith et al. 1988). Additional investigations of the quartz fine grains showed that the thermally
stimulated (TL) glow curves of the natural samples, but not of the artificially regenerated
samples, exhibit a high-temperature peak, similar to a Precambrian quartz sample with a
geologic dose of ca 1.5 Ga published by Schmidt and Woda (2019). This finding corroborates
the assumption that geologically old fine-grained quartz was incorporated into the Baix loess
deposits, likely during hill wash processes. Two scenarios are likely: (1) Quartz fine grain was
enriched in the last interglacial Bt horizon due to intensive weathering and pedogenic
processes and was later incorporated into younger loess deposits during downslope sediment
reworking. (2) Quartz fine grains were provided from the in situ geologic bedrock, likely
Cretaceous marl stones. In both scenarios, fresh aeolian dust input was contaminated by older

guartz fine grains, which could explain the unexpected age overestimation — with respect to
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Figure 5.73: Chronological data of the loess-palaeosol section (LPS) Baix, Rhéne Rift Valley, SE France.
Left: AMS 4C radiocarbon ages derived from mollusc taxa, marked as black circles in the profile
scheme. Right: Results of the OSL screening (pIResolR225, grey diamonds) on minimally prepared coarse
grains from 126 box subsamples (HDS-1802 to HDS-1817, each A to H; Pfaffner et al. 2024) as well as
OSL dating on feldspar coarse grains (plIRsolR225, green squares), polymineral fine grains (pIReolR22s,
red circles) and quartz fine grains (BLSL, blue filled circles) from six OSL block samples (lower green
squares in profile OSL 1 to OSL 3 (HDS 1799 to HDS-1801)of main profile Baix and upper green squares
OSL 6 to OSL 8 (HDS 1776 to HDS-1778) from profile Baix_west) following standard sample
preparation. The yellow squares mark the positions of the dose rate samples used to gain a
representative dose rate for the OSL screening procedure (Pfaffner et al. 2024), whereas the dose rates
for the OSL block samples were derived for each sample individually, like for the OSL screening also by
the uDose system (Tudyka et al. 2018; 2020; Kolb et al. 2022). For the lowermost sample HDS-1799
from the 7 Bt1 horizon, the OSL ages were modelled for the generally assumed water content (A 1.17)
(Sauer et al. 2016; Bosq et al 2020), but also for stagnic conditions (A 1.28), as suggested, e.g., by the
observation of Mn-concretions in the lowermost soil horizons. The respective older ages are associated
with the higher water content. Solid vertical lines denote the boundaries of the marine isotope stages
(MISs) and dotted lines mark the peaks of the substages of MIS 5 (MIS boundaries after Lisiecki and
Rayno, 2005 and Railsback et al. 2015).

the stratigraphic expectations and the results of the SAR plIReolR225 dating. Therefore, in the
following, we disregard the quartz fine grain ages and base our discussion on the results of
the OSL screening (Pfaffner et al. 2024) and the pIReolR225 dating of the feldspar coarse grains

and the polymineral fine grains (Fig. 5.73, Table S5.25). As, by nature, the coarse grain ages
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come with a smaller error than the polymineral fine-grain ages, in the discussion we will refer

to the plReolR225 feldspar coarse grain ages.

The pedo-sedimentary horizons are correlated with the oxygen isotope stages of marine
sediment cores, referred to as MIS stages with stage boundaries according to Lisiecki and
Raymo (2005) and Railsback et al. (2015). Stages are grouped and named as known Eemian
(MIS 5e), Early Glacial (MIS 5a-d), Lower (MIS 4), Middle (MIS 3) and Upper Pleniglacial (MIS
2) (Fig. 6). Possible Greenland stadials (GS) and interstadials (GI) from the INTIMATE event
stratigraphy (Rasmussen et al. 2014) are cautiously proposed, especially for palaeosol
horizons, as they are expected to respond to more supra-regional climate forces.

AMS radiocarbon ages

The calibrated “C ages range from ~17 ka to ~30 ka (Fig; 5.73). However, we observed
substantial scatter and age inversions. Putting together all *C ages on shells from loess
sequence studied in the Rhéne Rift Valley does not allow us to detect systematic mollusc
species’ specific age offsets depending. Bioturbation and/or sediment reworking, for instance,
due to slope wash and deflation likely contributed to the age scatter. Overall, the chronological
data points to an end of MIS 3 to MIS 2 age for the deposition of the upper loess horizons,
which is consistent with other regional data (Bosq et al. 2020b), as well as elsewhere in Europe
(Antoine et al. 2016; Lehmkuhl et al. 2021).

5.5 Discussion
5.5.1 Soil and sediment formations and their palaeoenvironmental interpretation
Texture of Baix

Most samples from horizons of pedogenetically little to unaltered loess (C, CB, BC) show
unimodal grain-size distributions with a peak in the coarse silt fraction (~44-50 pm), which is
also dominant in pedogenetically overprinted loess (Bw, Bt(g)) (Fig. 5.70). The dominating
coarse silt mode suggests one regional source and deposition during severe cold phases
(Vandenberghe, 2013). In the literature (Tsoar and Pye, 1987; Vandenberghe, 2013; Ujvari et
al. 2016a), this coarse silt fraction is defined to be short transported within near-surface clouds,
whereas as the closed by source area assumed to be bare alluvial or fluvio-glacial sediments
that were eroded originally from glaciated mountains and subsequently redistributed by rivers.
These findings agree with Bosq et al. (2020a, 2020b), who suggested that the floodplain of the
Rhone River was the main particle source. The local relief with its NSW-oriented limestone
ridge advanced the accumulation of loess at the lee-position of the slope, assuming prevailing
northern winds (Pfaffner et al. 2024). According to the observed asymmetry of aeolian deposits

with silt loess depositions over fluvio-glacial fans to the north of Valence and sandy loess to
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the south, the LPS Baix coincides with the “northern Rhéne Graben type” of Bosq et al. (2018,
2020b), Bertran et al. (2021) or the subdomain llla according to Lehmkuhl et al. (2021).

The tailing at the middle/fine silt and clay fractions may be attributed to a long-term suspension
in the atmosphere, weaker wind activities or to transported silt-and/or sand-sized aggregates
(Tsoar and Pye, 1987; Pye, 1995; Vandenberghe, 2013) or to post-depositional weathering
processes (Bronger, 1976; Ujvari et al. 2016a; Schulte et al. 2018; Bosq et al. 2020b; Sprafke
et al. 2020). Pedogenesis in loess sediments is known to favour grain size variation due to a
decrease of the coarse silt proportion to enhance medium/fine silt and clay proportions (Sun
et al. 2000; Giinster et al. 2001; Ujvari et al. 2016a; Wacha et al. 2018). These findings concur
with subpopulations observed in the palaeosols and the Holocene soil, which display the main
mode at the coarse silt fraction, high amounts of fine-/middle silt in the Bw horizons and fine

clay proportions in the Bt horizons (Figs. 5.70, 5.71).

Furthermore, within the loess horizons from bottom to top, an increase in GSI and U-ratio
combined with a decrease in the silt proportion and an increase in the fine sand proportion was
observed (Fig. 5.71). Similar trends of upward GS coarsening were observed in comparable
units of the LPS Lautagne (Bosq et al. 2020b), possibly in grain-size zone 2 of the LPS Val
Sorda (Ferraro, 2009), in Croatian LPSs of Susak (Wacha et al. 2018) and central European
LPS (Antoine et al. 2001, 2009a; Schirmer, 2016; Fischer et al. 2019). General explanations
of coarsening are increased local wind intensity and source material (Rousseau et al. 2002;
Antoine et al. 2009a; Wacha et al. 2018). An increased wind speed seems likely as the median
and mean grain-size and GS ratios increase gradually, as well as the Si/Al ratio in the upper
loess horizons (Figs. 5.71, A5.75). However, another possible explanation could be a change
in the vegetation cover (Tsoar and Pye, 1987; Bosq et al. 2018; Bertran et al. 2021). The
Rhéne Rift Valley, especially the riparian and basin areas, is considered as refugia for higher
developed vegetation (tree, shrubs) during stadial periods, especially during the last glacial
period (Beaudouin et al. 2007; Tzedakis et al. 2013). Thus, in accordance with an observed
increase of SOC contents, coarsening of GS caused through trapping by shifts to taller
developed vegetation seems to be a considering factor (Field et al. 2012). This observation
was also implemented in the sediment depositional model suggested by Bosq et al. 2018, who

assign a prominent role to the vegetation cover in the Rhéne Rift Valley.

Loess horizons of Baix LPS

The loess horizons are generally characterised by increased accumulation (peaks of U-ratio,
GSI, highest primary carbonate contents) induced by increased aridity. Although, the gradual
leaching of calcic carbonate with depth, appearance of secondary carbonate nodules of
various sizes, weak shifts in the weathering ratios and fluctuations of SOC contents as well as

chromatic parameters a* and a*/b* indicate different intensities of initial soil formation during
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continuing loess deposition (Fig. 5.71). Thus, syn-sedimentary soil development is assumed,
with changing weathering intensities reflecting variations in temperature and humidity during
generally cold and dry conditions. Therefore, Ck haorizons are interpreted to reflect most cold
and arid conditions, indicated by peaks of U-ratio, GSI and chromatic b* values and least
weathering with zero SOC contents as well as least fluctuations of Mn4/Mn ratios (Fig. 5.71).
Shifts from coldest and driest to less severe, milder, and humid climate conditions are reflected
by increasing SOC contents and CPA values and decreasing Wlwer values. The gradual
changes of slightly weathered sediments are represented by CBk to BCk to Bw horizons. The
mixed sediment horizons (6 BCk/Btg, 4 BCk/Bw) are characterised by abrupt changes of the
GSD (increased U-ratio, GSI, Si/Al), lower a* and a*/b* ratio and low weathering (lower CPA,
Fed/Fe., higher Wiwer), which indicates a climatic deterioration triggering erosion and re-

accumulation of soil material and the recurrence of aeolian processes (Figs. 5.71, 5.75).

The upper loess horizons with lacking palaeosol formation, are typical for the Rhéne Rift Valley
and agree with the findings of Bosq et al. (2018, 2020b). The gradual shifts of weathering
ratios, CaCOs3, and SOC contents of the two superimposed horizons (3 BCk3, 2 BCk?2) indicate
varying humid conditions during syn-sedimentary processes of continuous loess accumulation
and primary carbonate leaching. Slightly enhanced CPA, lower Wlyver and L* values within the
horizon boundary of 2 BCk2 to 3 BCk3 may implies the existence of a further Bw horizon (Fig.
5.71). However, this could also result from the underlying upper interstadial complex. Their
proxies' overlaying loess horizons reflected decreasing humidity and increasing aridity (Fig.
5.71).

Within the loess horizons, but also throughout the entire profile, no lamellar, platy/prismatic
structures, cracks, ice-wedge cast, or other features related to frost-thaw processes can be
found. The missing features are attributed to less dry, cold climate conditions during loess
accumulation phases, according to the suggested maximum extension of permafrost south of
47° N (Andrieux et al. 2016). Thus, solifluction processes in Baix are rather reduced, and
reworking of the sediment seems to reflect runoff/sheet wash processes during climate
deterioration and/or rainstorm/snowmelt events. Considering the relief position, GS distribution
and gravel contents, these sediments originates from short-distance slope wash processes of

changing intensities.

(Palaeo)-soil of Baix LPS

Interglacial soil complex

The horizons of the Interglacial soil complex are characterised by decalcification, intense
chemical weathering (highest Fe;, Fed/Fe; ratio, Mna/Mn;, CPA and lowest Wluer, Si/Al) and

slight rubefication with maximum values of chromatic value a* and a*/b* ratio (Fig. 5.71). The
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lowermost 8 Bt2 horizon displays the highest amounts of clay (18 %), and is interpreted as a
reworked horizon, whereas highest clay proportions are most likely induced by local long-term
weathering of the debris rather than intense pedogenesis (Pfaffner et al. 2024). In contrast, the
overlying 7 Bt(g) horizons display the highest fC/cC ratio and showing in situ clay coatings
suggesting in situ lessivage (clay migration) processes, inducing a Luvisol (Figs. 5.71, 5.72q,
5.72s). The intensity of pedogenesis of the loess sediment by silicate weathering (commonly
micas and feldspars) and the formation of secondary clay minerals is favoured by warm and

humid climate conditions.

The slight rubefication of the Interglacial soil complex coincide with European LPS (e.g.,
Nussloch: “brown red clay coatings”) (Antoine et al. 2001). In contrast, chromic characteristic
or red/rubefied colours were described at the LPS of the Mediterranean (Ferraro, 2009; Wacha
et al. 2011b; Boixadera et al. 2015, Durn et al. 2018a, Zhang, 2018, Bosq et al. 2020b). Two
assumptions are possible for the slight rubefication of Baix LPS: i) the climate conditions were
the same as in Europe ii) the position of the Baix LPS at the slope foot may favoured moisture
availability and necessary dry periods for the rubefication process was not given. So far no
other in situ last Interglacial soil within LPS in this climatic transition zone was described.
However, from other nearby archives Mediterranean climate conditions has been described
(Beaulieu and Reille, 1984; Tzedakis, 2007 Valladas et al. 2008; Rivals et al. 2009; Moncel et

al. 2015), thus we tend to assumption two.

The observed weakly developed soil structure of the Bt(g) horizons, the fluctuations of
weathering indices and fine and medium clay particle-sized proportions as well as the different
layers of clay coatings indicate a polygenetic soil formation (Figs. 5.71, 5.72d). Thus, we
assume that relocated pre-weathered soil sediment of a previous Luvisol formation was
possibly subjected again to clay illuviation, filtrating down, and forming with the lower 7 Btl
horizons a dense substrate, which slowed down soil water circulation and promoted the
formation of hydromorphic features. Whether (seasonally) stagnic conditions are induced by
underlying dense soil material or by a change of the moisture regime is difficult to determine.
However, the Fe coatings as a last “layer” within the pore walls of the 7 Btg horizons support
the idea of changing moisture conditions (Fig. 5.72q, 5.72s). Anyhow, the relocation of pre-
weathered soil material indicates a climatic deterioration followed by a stable period with
climate conditions intense enough to allow renewed clay illuviation to form a polygenetic
Stagnic Luvisol. Polygenetic Luvisol formation is described for various European and
Mediterranean LPS (Antoine et al. 1999, 2001; Gunster et al. 2001; Ferraro, 2009; Haesaerts
et al. 2016, Kehl et al. 2024).

Lower interstadial soil

185



The lower interstadial soil is represented by a decalcified two-parted brown 6 Bw3 horizon
(Pfaffner et al. 2024). The weathering ratios and the peak of fine silt proportion (subpopulation
of GSD ~5-12 um) reflect pedogenesis intensities corresponding to characteristics of a Bw
horizon (FAO, 2006) (Figs. 5.70, 5.71). The lower part of the 6 Bw3 horizon displays relocated
reddish aggregates and depleted zones similar to the 7 Btg horizon of the Interstadial soil
complex as well as in situ clay-silt coatings (Figs. 5.72c, 5.72k). We assume that the Bw
formation began within the relocated, pre-weathered soil material and was followed by syn-
sedimentary processes of sediment deposition and carbonate leaching, explaining the
upwards decreasing pedogenesis. Thus, the climate conditions seemed to be favourable

(humid) enough to allowed clay-silt coatings to develop.
Upper interstadial soil

This soil unit developed, a strongly through slope wash, reworked loess sediment, reflected by
a poor GS sorting and peaks of mean GS and median GS (Figs. 5.71, A5.75). The decalcified
5 Bw2 horizon displays similar characteristics (equal values of Wiver, CPA, clay contents, peak
at fine silt proportion, U-ratio, GIS, silt-clay coatings along with pores) as the lower 6 Bw3
horizon, implying similar climate conditions during soil formation (Figs. 5.71, 5.72b, 5.72j).
Similar characteristics of this Bw horizon were observed in the LPS Collias further south of
France (Bosq et al. 2020b). Bosq et al. (2020b) suggested an interplay between soil formation
and moderate loess deposition rates. The fresh loess input induced an upward growing soil
surface and addition of primary carbonates, while soil formation involved leaching these fresh
inputs and accumulating secondary carbonates within lower horizons (Bosq et al. 2020b).
However, the complete decalcification of the 5 Bw2 horizon and the occurrence of prominent
carbonate nodules in one specific depth at Baix (~850 cm) indicates at least one soil formation
phase of increased humid conditions without loess input. We assume, that the intensively

weathered upper soil part was truncated.
Holocene soil

A Cambisol formation reflects the recent soil formation. Compared to the lower palaeosol Bw
horizons (6 Bw3, 5 Bw2), the recent Bwl horizon is not completely decalcified, and lower
weathering ratios may reflect less intense weathering (Fig. 5.72a, 5.72g). This observation
may suggest less moisture or enhanced evapotranspiration for the recent climate conditions.
However, time needs to be considered, as the soil had less time to evolve. Furthermore, a
repeatedly well-known surface disturbance due to, e.g., agricultural use is expected, which
prevents the formation of more intense soil features (e.g., decalcification, forming aggregates)

and complicates the comparisons with Holocene soil formations from other LPS.
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5.5.2 Chronostratigraphy of Baix LPS and comparison with other European LPS

Last Interglacial (Eemian) and Early Glacial

The lowermost sample (OSL 1) collected from the likely last Interglacial (Eemian, MIS 5e)
palaeosol gives a pIRIR-age of 117. 5 + 9.7 ka (Fig. 5.73). However, as detailed by Pfaffner et
al. (2024), stagnic conditions are most likely for most of the time during the year for the
lowermost part of the profile, if not since sediment deposition then since the formation of the
clay rich subsoil (7 Bt1, 8 Bt2) and the underlying pedogenic carbonate crust, i.e., likely since
Eemian times (ca 126-115 ka; in the Mediterranean likely until 110 ka (cf. Sdnchez-Gofji et al.
1999). Therefore, Pfaffner et al. (2024) assumed a soil moisture content of A 1.28 + 0.05 for
the lowermost section of the main profile. Adopting this value for the present study would yield
an age of 128.5 + 10.5 ka, conforming the field assumption. Thus, the 7 Bt1 horizon correlates
with the Eemian (MIS 5e; Gl 25) and is in accordance with reconstructions from other European
LPS (Bourdier, 1958; Bonifay, 1965; Rose et al. 1999; Antoine et al. 2001; Ferraro, 2009;
Wacha et al. 2011a, 2011b; Boixadera et al. 2015; Schirmer, 2016; Bosq et al. 2020b).

Considering the determined characteristics of the superimposed 7 Btg horizon, the topographic
position and its widely scattering OSL screening data, the sediment in which the horizon
formed, is assumed to be relocated concerning OSL analyses likely insufficiently bleached,
Eemian soil material (Fig. 5.73). Relocation and subsequent soil phases, which induced the
polygenetic, Stagnic Luvisol, can be correlated most likely with the known stadial phases of
MIS 5 d/b and interstadial phases MIS 5 c/a (Fig. S5.131). The hydromorphic features are
suggested to be caused by humid conditions, which were also observed in LPS between
Cadarache and Saint-Estéve (Durance Valley, southern Rhéne Rift Valley) (Bonifay, 1965;
Mologni et al. 2021). In contrast, western and central European LPS suggest more continental
(drier) conditions, represented by several interlaced humic horizons (Fig. 5.74) (Antoine et al.
2001, 2016; Haesaerts et al. 2016; Schirmer, 2016).

Concluding, the interpreted MIS 5 climate conditions at Baix were characterised at the
beginning by a stable interglacial warm-temperate climate, which decreased gradually to
glacial cold and arid conditions. On the one hand, the deterioration was marked by cold and
dry climate conditions (first erosion with subsequent loess deposition), similar to central
European LPS. On the other hand, stable phases with increased humidity and temperature
are intense enough to introduce a polygenetic Stagnic Luvisol (MIS 5d-a). Similar pedo-
stratigraphic units for the MIS 5 are described from LPS of south France (Bonifay, 1965; Bosq
et al., 2020b), Spain (Lachar LPS) (Glnster et al. 2001) and Croatian LPS of Susak (Wacha
et al. 2011b; Profe et al. 2018). Thus, compared to central European LPS, where increasing
continentality is represented by up to three humus-enriched horizons (e.g. Bettencourt soil

overlaying St. Sauflieu complex, upper Rocourt pedocomplex overlaying humus complex of
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Remicourt, the upper part of Garzweiler pedocomplex, Mosbacher humus zones) the LPS Baix
reflects more humid conditions during soil formation phases, which decreased gradually within
the climatic deterioration (Antoine et al. 1999, 2016; Schirmer, 2002, 2016; Frechen et al. 2007,
Lehmkuhl et al. 2021).
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Figure 5.74: Compiling figure of marine and ice-core chronostratigraphy for the last 140 kyr, including
Marine Isotope Stages (MIS) derived from global benthic stack (Lisiecki and Raymo, 2005), North
Atlantic Cold (NAC) and North Atlantic Warm events (NAW) and Greenland interstadials (GIS) (Johnsen
et al. 1992; Dansgaard et al. 1993; McManus et al. 1994) modified from Helmens (2013). The author
combined data from North Atlantic cores to the curve of N. pachyderma abundances and Eastern
subpolar North Atlantic and stretched the curve minimal for the time-intervals between 130-75 kyr BP
and between 75-60 kyr BP to obtain a better match with the NorthGRIP time-scale (North-GRIP
Members, 2004). Right: Generalised loess palaeosol-sequence (LPS) of Nussloch (Antoine et al. 2001,
2009a; Kadereit et al. 2013) and LPS Baix and LPS Collias (Bosq et al. 2020b) emphasising on soll
formation phases during chronostratigraphical stages of the Late Pleistocene with their latitudinal
position, recent mean annual temperature (MAT), mean annual precipitation (MAP) and number of arid
months (dwd, 2021a, 2021b; meteo-france 2022a, 2022c).

Early Glacial to Lower Pleniglacial

The OSL sample (OSL 2) from the 6 BCk/Btg horizon gives an age of 67.0 £ 5.7 ka which
corresponds to the transition from the Early Glacial (MIS 5d-a) to the Lower Pleniglacial (MIS
4), a period of widespread sediment reworking commonly found in the western and central
parts of the European loess belt in the temperate zone (e.g., Keldach discordance and
Niedereschbach zone; Hermies, Harmignies colluvial deposit) (Semmel, 1998; Antoine et al.
2016; Lehmkuhl et al. 2016). It possibly conform with the GS 19.1 (cf. Fig. S5.131). Indications
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of sediment reworking was observed also for the respective part of the LPS Baix both during
the field analysis of the profile (Pfaffner et al. 2024). Therefore, tentatively we propose a
supraregional period of sediment reworking during MIS 4 (71-57 ka) spanning not only larger
parts of central Europe as suggested by numerous previous studies but covering also the

northern part of the Rhéne Rift Valley as evidenced here for the first time by the LPS Baix.

The next-upper OSL-block sample (OSL 3) gives an age of 59.8 + 5.3 ka, which fits late MIS
4 (71-57 ka) or the transition MIS 4/MIS 3 (Fig. 5.73). The time of sediment reworking could
possibly conform with GS 15, 16, 17 and/or 18 and/or Heinrich (H) 6 event. The age of
sediment deposition narrows down the time window for the development of the 6 Bw3
palaeosol remains beneath. The age suggests soil development during the later part of MIS 4
and/or the beginning of MIS 3. We assume, that after relocation of the interglacial soil and
loess sediment-mixture, the (re-)formation of the 6 Bw3 horizon began in the climatically mild
excursions of Gl 18, or more likely Gl 17.2-Gl 16.1 a (or Gl 15.1) and continued as syn-
sedimentary process within a younger phases (Fig. S5.131). If soil formation started in Gl 18,
Heinrich 6 event corresponding to GS 18 could possibly also explain the bipartioning of 6 Bw3.
For central Europe MIS 4 to MIS 4/MIS 3 palaeosoal relicts of the Cambisol or Regosol-
Cambisol types have been evidenced at several LPS sites (e.g. Graselberger Soil, Semmel
1968; Jackerath Soil, Reisberg Soil Schirmer 2002; Havrincourt, Antoine et al. 2016;
Malplaquet Soil, Haesaerts et al. 2016; stratigraphic units 12, 20, 23 and above the MIS 4/MIS
3 boundary unit 26, all remains of the Calcaric Cambisol type (Bw), Fischer et al. 2021).
Whereas the temporal positioning of some soils seems clear (e.g., Jackerath Soil in the Lower
Pleniglacial (MIS 4)), at other sites the allocation appears less unequivocal, but suggests a
temporal placement somewhere near the MIS 4/MIS 3 boundary (cf. Lower Graselberg Sall,
Antoine at al. 2009a; Lower Remagen Soils, Schirmer 2012), which may resemble more the

situation at Baix.

So far, to our knowledge, palaeosol formation during MIS 4 in the Mediterranean loess-
palaeosol landscapes have been only identified for the Bok section in terms of thin brown
palaeosols (Wacha et al. 2011a). Also an orange-brown palaeosols of the Bok section 1
(Wacha et al. 2011b) is assumed to have developed after 98.3 + 7.3 ka and prior to 54.3 + 4.9
ka (not only during MIS 5c¢ — 5a but also later during MIS 4) and therefore may correspond to
the brown horizon identified at the LPS Baix. Thus, the LPS Baix serve as an further important
stratigraphic link between the central European and the Mediterranean loess-palaeosol
landscapes for last glacial Lower to Middle Pleniglacial times and the lowermost last glacial
brownish soils of the Cambisol type (here 6 Bw3) may be used as a (set of) marker horizon(s)

for a quick stratigraphic orientation in the field.
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Lower Pleniglacial to Middle Pleniglacial

The pIRIR ages gained on the upper three OSL block samples have to be transferred from the
minor profile to the main profile (Figs. 5.69, 5.73). The OSL 6 sample assigned to the 5 Bk2
horizon produced an age of 54.8 + 5.2 ka. The OSL age overlaps within error margins with the
age from 5 BCKS5 right above the MIS 4 marker soil horizon (6 Bw3). Sedimentation rates
between OSL 3 and OSL 6 increase by a factor of ca 3.6 as compared to those between OSL
2 and OSL 3. Therefore, it is likely that both sediment units (in which 5 BCk5 and 5 Bk2
developed), and those in between, represent a relatively short period of intensive sediment
reworking. This is similar to the site Collias where OSL ages of 55.5 + 4.4 ka and 55.1 + 4.1
ka represent ca 2 m sediment deposits between ca 5-3 m b.g.l. (Bosq et al. 2020b). For Baix
the OSL ages of OSL 3 and OSL 6, which cover a depth of ca 2.6 m between 10.6-8.0 m b.g.l.,
suggest a sedimentation rate of ca 0.5 m kal. At both sites, Collias and Baix, coarse clasts
point to sediment reworking by slope wash processes. The sediment sequence in between the
OSL samples 3 and 6 does not exhibit any soil horizons showing browning or loaming which

could point to intermediate periods of mild climate excursions.

Yet soil formation leading to the brownish MIS 3 soil with the prominent carbonate concretions
in the corresponding Bk and BCk horizons could possibly have started in Gl 15.1, or more
likely in Gl 14 (Fig. S5.131). Also similar to Collias, the OSL age of sample OSL 7 from Baix,
collected from the slope-washed, pre-weathered 3 BCk3 loess horizon points to an end of the
formation of the prominent MIS 3 palaeosol prior to 37.5 + 3.1 ka, perhaps during GS 9 and/or
Heinrich 4 (40.2-38.3 ka) (Figs. 5.73, S5.131). Therefore, it is likely that the prominent MIS 3
soil, as identified at Baix and Collias, represents a pedo-complex possibly spanning (Gl 15.1
or) Gl 14— GI 9. A similar, intensive red-brown soil horizon, including carbonate nodules, is
described on Susak Island (Wacha et al. 2011b, 2018; Zhang et al. 2018). Furthermore, a
comparably intense developed brown truncated soil horizon (Cambisol) is found in most of the
European LPS (although without the description of the carbonate nodules), i.e. in northern and
southern France (e.g. Saint-Acheul/Villiers-Adam soil complex) (Bonifay, 1965; Antoine et al.,
2003, 2016), Belgium (Les Vaux) (Haesaerts et al. 2016) and in Germany, sometimes
preserved in several brown soil horizons (e.g., Remagen Soils, Graselberg Soils) (Antoine et
al. 2001; Schirmer, 2002, 2016; Frechen et al. 2007; Gocke et al. 2014, Fischer et al. 2021)
(Fig. 5.74). Thus, the striking Cambisol soil complex at Baix may be regarded as a stratigraphic
marker horizon within the Rhéne Rift valley and serve as a Middle Pleniglacial-unit for supra-

regional correlation of central European and Mediterranean LPS.

As at both sites, Baix and Collias, significant soil formation could not be detected above the
MIS 3 Bw palaeosol remain with the prominent carbonate nodules in the corresponding Bk

horizon beneath, it seems that Baix does not conform with the central European loess
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landscapes after ca 40 ka (Heinrich 4 event; GS 9), but conforms to the Mediterranean pattern,
where the lack of sufficient humidity likely prevents intense soil formation leading to the

development of diagnostic horizons.

In Mediterranean LPS, the upper MIS 3 soils are highly diverse depending on their
geographical and geomorphological position (Brunnacker, 1974; Coudé-Gaussen, 1990).
Thus, soils vary from up to three Chernozem palaeosols in Italy (Ferraro, 2009, Pasquetti et
al. 2023) to up to four thin brown soil horizons in the Susak LPS (Wacha et al. 2011a). For the
northern Rhéne Rift Valley, Franc et al. (2017) also described a correlating brown soil, whereas
complementary horizons seem to be challenging to determine (Bourdier, 1958; Bonifay, 1965)
or also missing in LPS of the southern Rhéne Rift Valley (Bosq et al. 2020b). At Baix, it is
challenging to identify a separate upper MIS 3 soil formation as brown aggregates could belong
to the older underlying Cambisol or possibly to a younger formation. Anyhow, as younger MIS
3 soil formation are difficult to identify or may not exist, the upper MIS 3 at the middle Rhéne
Rift Valley (transition zone) may seems to be influenced by more constant climate conditions,
in contrast to Italy and Croatian with more pronounced shifts, and also central European LPS,
which exhibit further (boreal) Cambisol formations (Antoine et al. 2001; Ferraro, 2009; Wacha
et al. 2011b; Kadereit et al. 2013; Schirmer, 2016; Fischer et al. 2019).

For the central European loess landscapes formation of soils of the Cambisol type is typical
for the milder climate periods Gl 8 to Gl 4 (ca 38—-29 ka) during MIS 3, which at several sites
has led to the formation of the Lohne Soil complex or its equivalents e.g. Sinzig Soils, upper
part of the Saint-Acheul/Villiers-Adam soil complex (Antoine et al. 2001; Schirmer, 2002,
Kadereit et al. 2013; Moine et al. 2017; Fischer et al. 2019). Thus, times favourable of soll
formation (and soil conservation) appear to alternate between the Mediterranean (early MIS 3
prior to Heinrich 4 event) and the central European loess landscapes (later MIS 3, after the

Heinrich 4 event).

Middle Pleniglacial to Upper Pleniglacial

Another time mark of ca 35.8 + 3.2 ka is given by sample OSL 8. The data point is situated
already above the level of the OSL screening, which ended slightly above the sample point of
OSL 7. For the two subsamples at the uppermost end of the sediment column sampled in
flower boxes it could not be decided whether they indicate a trend towards smaller “ages” or
whether they represent mere scattering (Pfaffner et al. 2024). However, AMS “C ages derived
from the loess horizons are correlating with the middle to end of the MIS 3 and MIS 2 (Fig.
5.73). The pIRIR ages of ca 38 ka and 36 ka of the block samples OSL 7 and OSL 8 support

the assumption of a trend towards smaller ages in the upper part of the 3 BCk 3 horizon.
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Rates of sedimentation, derived from thicknesses of loess, are challenging to determine as
generally intense erosional processes are expected in the region. Nevertheless, the
sedimentation rates of ca 0.6 m ka* appear comparatively high with a factor of ca 9.5 times
larger than between OSL 6 and OSL 7 which frame the MIS 3 soil formation period. Although
MIS 3 ends and MIS 2 starts at 29 ka, the terrestrial systems often respond to some kind of
climate triggering already a few thousand years earlier (Luthgens et al. 2011). Ca 39-37 ka,
the sedimentation rates seem to be quite high also at Collias (ca 0.6 m ka). The combined
effects of climate deterioration of GS 9 and Heinrich 4 event may have triggered
palaeoenvironmental conditions favourable for dust deposition. Greenland stadials and
especially Heinrich events led to dramatic decline of forest vegetation and established semi-
desert vegetation (Fletcher and Sanchez-Goiii, 2008). Recent publications suggest for the
Mediterranean glacier retreat during Heinrich events due to aridity (Allard et al. 2021), but also
an increase of areas affected by permafrost and frost weathering as well as high sediment load
of Mediterranean rivers (e.g. Woodward et al. 2008; Lewis et al. 2009), which function as dust
source areas when drying out. Glacier advance during the milder excursions may lead to dust
input also during the periods more favourable for pedogenesis and explain, e.g., the fading out
of the 6 BW3 horizon at its top. With respect to the LPS Baix it is interesting to note that coarser
clasts, pointing to sediment reworking by slope wash processes, which are typical for the lower

part of the profile are no longer present in the upper 7 m.

Aeolian input of mainly silt and sand sized grains becomes dominant from ca 36 ka onwards.
In this respect the LPS Baix correlates to the central European system in terms of recorded
acceleration of loess input rates (Antoine et al. 2009a, 2016; Ferraro, 2009, Bosq et al. 2018,
2020b). As stated before, in the upper loess horizons at Baix LPS, no further (weak) soil
formation, e.g. tundra gley soils, especially redoximorphic features related to freeze-thaw
dynamics, was observed as they are, in contrast, described for the Lyon region and the
southern Durance valley (Bonifay, 1965; Franc et al., 2017) or central European LPS (Antoine
et al. 2001, 2016; Rousseau et al. 2002; Schirmer, 2016) (Fig. 5.74)). Thus, earlier suggested
less severe climate conditions during loess accumulations in the northern Mediterranean LPS
region (Brunnacker, 1974; Coudé-Gaussen, 1990; Ferraro, 2009; Wacha et al. 2011b) as

compared to central Europe conditions, agrees with observations at Baix.

5.6 Conclusions

The generally more disturbed characters of Mediterranean LPS caused by reworking and (bio-
) turbation creates a challenging setting for pedo- and chronostratigraphic analyses and
interpretation. Despite the encountered difficulties, we have shown that the well resolved and
profound examination of the LPS Baix made it possible to extract relevant information. Our

findings agree with described LPS further south and north and showed that the LPS Baix is a
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relevant terrestrial palaeoarchive of the Last Interglacial-Glacial cycle with the potential to link

the loess-palaeosol landscapes of the Mediterranean zone to those of the temperate zone. In

summary, the main loess accumulation phases occurred during MIS 4 and MIS 2 periods. The

unimodal GSD correlates well with characteristics of central European LPS, and the loess

accumulation was mainly controlled by the local wind regime, the topography and vegetation

cover. The general pedo-stratigraphy of the LPS Baix agrees with the known supra-regional

European pedo-stratigraphy of the Last Interglacial-Glacial cycle. However differences in their

characteristic are due to the geomorphological and latitudinal position and following

conclusions can be drawn:

A well-preserved record of the Eemian and Early Last Glacial period (MIS 5) with a
polygenetic, slightly rubefied Stagnic Luvisol verifies a warm-temperate climate with
changing humidity followed by a gentle/slow climatic deterioration in terms of humidity
and temperature. Within the N-S transect the intensity of rubefication seem to increase
southwards into the Mediterranean. Although a northern expansion of Mediterranean
conditions during the Eemian solely based on the soil characteristics (intensity of
rubefication) of Baix could not be conclusively verified, other archives do support a
northwards expansion. Within the following climate deterioration the entire Rhone Rift
Valley was marked by more humid and temperate conditions compare to more arid and
colder conditions of central European, mostly reflected by humic-rich layers.

A brown two-parted Bw horizon referring to the late MIS 4 and/or beginning of MIS 3.
Within the syn-sedimentary processes of loess accumulation and primary carbonate
leaching, humid phases allowed the formation of a brown silt-clay ground matrix.

A pedo-stratigraphic marker horizon of a Calcic Cambisol complex formed during the
beginning and middle MIS 3. In contrast to the temperate zone, this marker horizon is
in the Mediterranean and at Baix, associated with an underlying horizon with prominent
carbonate nodules, suggesting at least one intense humid phase. As the observed
carbonate nodules are missing or have not been described for MIS 3 soails in central
European LPS, we attributed this feature to a more intense humidity during the early
and mid MIS 3, in contrast to central Europe.

During the generally cold and arid conditions of the MIS 4 and MIS 2 aeolian inputs of
mainly silt and sand sized grains becomes dominant and thus compares with central
European systems. However, manifold tundra gleys which are typical of the central
European LPS and which may serve as marker horizons for the correlation of the
sections representing the Last Glacial Maximum (LGM) of the LPS are absent at Baix
due to the lack of permafrost. The area’s less severe conditions during the coldest

glacial periods are also one of the main reasons for intensified bioturbation and
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sediment reworking by slope-wash processes. In this respect the LPS Baix resembles
the LPSs of the Mediterranean loess landscapes.

V.  The recent Cambisol formation appears less intensively weathered than all observed
palaeosols, but variable anthropogenic disturbances have led to erosion and
rejuvenation. Therefore, it is difficult to evaluate whether the clay-rich and -illuviated
Last Interglacial soil represents the potential outcome of present-day soil-forming
conditions or whether it instead shows an equivalent that might develop under ongoing
climate change, as modelling of both Eemian climate and future climate change result
in similar temperature increases as compared to the present.

Thus, Baix displays characteristics of both central European and Mediterranean LPS
“representatives” and announced transition zone from Brunnacker (1974), Bosq et al. (2018,
2020b) and Lehmkuhl et al. (2021) (subdomain llla to Vla) at Valence area agrees with
proposed findings. Finally, our study provides new and unique information for correlations of

the loess palaeosol-stratigraphy of the Last Interglacial-Glacial cycle in south-eastern France.
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Appendix
A5.4 Results
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Figure A5.75: Loess-palaeosol sequence Baix, Rhéne Rift Valley, SE France with soil formation units
marked as grey bars and depth profiles of statistical parameters of standard deviation, mean and median
grain-size in um, kurtosis and skewness.
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Figure A5.76: Loess-palaeosol sequence (LPS) Baix_west, Rhéne Rift Valley, SE France with soil
formation units marked as grey bars. Depth related curves of calcic carbonate equivalents in wt %,
contents of soil organic carbon (SOC) in wt % and chemical proxy of alteration (CPA)
(100*Al,03/(Na2,0O+Al;03)), weathering index of molar element ratio (Wlver) (Ca (after subtraction of Ca
in CaCO3)+Mg+K+Na)/Al)), Si/Al and, ratios of pedogenic to total contents of iron and manganese
(Fed/Fer, Mng/Mny) and colours of the CIE colour index, reflected by the parameters L*,a*, b* and ratio
of a* and b*.
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Supplement
S5.3 Material and methods

Table S5.24: Scheme of OSL sampling and sample preparation from loess-palaeosol sequence Baix,
Rhéne Rift Valley, SE France.

Sampling in the field

e Collect samples in opaque metal cylinders, metal boxes, PE liner-tubes or similar

e Carve out larger blocks (dried/hardened sediment only)

[1] o Eliminate outer, potentially light affected sample rims
o Retain not light-affected sample for luminescence dating (1)
o Retain outer sample rims for dose rate determination (2) (not further considered in this work

flow)

[3] Only if there is a surplus of fine-grained material (silt, clay) and little coarse-grained material (fine sand)
e Use dried inner sample part (3) and dilute in aguademin; Separate muddy components (3a) from
coarser components (3b); proceed with steps [4]—[7] on the two fractions (3a) and (3b) separately

[4] e Eliminate carbonate content with acetic acid (CHsCOOH; 20 %); rinse with aquademin (4)

[6] o Disperse sample (5) with sodium oxalate (Na2C204, 0.01 N); rinse with aquademin (6)

e Extract polymineral fine grains (4—11 pm)
[8] o Use fraction < 63 um (9); separate fraction < 11 pum in aquademin (beaker or Atterberg
cylinder); retain fraction < 11 pm (10)
[9] o Use fraction < 11 um (10); remove fraction < 4 um in aguademin (centrifuge); retain resulting
mineral separate 4—11 um as polymineral fine grains (4—11 pm) (11)
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(12]

(13]

(14]

(15]

[16]

Extract quartz coarse grains (125-212 um)

(e]

Use fraction 125-212 pum (8); remove heavy minerals (fraction > 2.74 g/cm3) in lithium
polytungstate (LST, 2.74 g/cm3); retain fraction < 2.74 g/cm3 (13)

use fraction < 2.74 g/lcm3 (13) to separate lighter minerals < 2.64 g/cm?3 from heavier
minerals > 2.64 g/cm3 in LST (2.64 g/cm3); retain fraction 2.64—2.74 g/cm? (14) and fraction
< 2.64 g/lcm?3 (15) (the latter for feldspar preparation)

Use fraction 2.64—2.74 g/cm? (14); etch in hydrofluoric acid (48 %; magnetic stirrer on low
level) for 45 min in teflon beaker; rinse with aquademin (5 times)

Remove fluorides with hydrochloric acid (HCI, 10 %) over night; rinse with aquademin (until
pH = 7); retain resulting mineral separate as quartz coarse grains (125-212 pm) (16)

Extract potassium feldspar and sodium feldspar coarse grains (125-212 um)

o

S5.4 Results

Use fraction < 2.64 g/cm3 (15); separate generally lighter potassium feldspar and generally
heavier sodium feldspar in LST (2.58 g/cm3)

Retain resulting mineral separate < 2.58 g/cm3 as potassium feldspar coarse grains (125—
212 uym) (17)

Retain resulting mineral separate 2.58—2.64 g/cm3 as sodium feldspar coarse grains (125—
212 pm) (18)

S5.4.1 Report polymineral fine grains — pIReolR225 — DA240 “Athenaeum”

Instrumentation

Post infrared (at 60 °C) infrared (at 225 °C) (pIReolR225) single aliquot regeneration (SAR)

(Murray and Wintle, 2001) measurements of polymineral fine grains (4—11 um) were carried

out on a luminescence reader model Risg DA20 (serial no. 240; nicknamed “Athenaeum”;

Kadereit and Kreutzer 2013), equipped as depicted in Fig. S5.77.
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Luminescence reader: Risg model TL/OSL DA20 (No. 240, "Athenaeurn")
turntable: 48 measurement positions
use every 2™ position (or wider spacing) to avoid IR cross talk
IR stimulation: IR at 60 “C and IR at 225 °C
IR-LEDs; 3 clusters; 7 LEDs each; 870 A 40 nm
measurem ents with 90 % diode-power, after 10 s warmup
Blue light stimulation: not used for pIRggIRz25 SAR protocol
blue light emitting diodes; four clusters; 7 LEDs each; 470 A 30 nm
measurements with 90 % diode-power, after 10 s warmup
Detection: bialkali PMT EMI 9235QB15
Detection filter: CH-30D410-44.3 (Chroma)
Detected emission: violet-blue, around 410 nm

B-dose rate: 0.08527 £ 0.00300 Gy/s 10.11.2021 (start this study)
5.120.2 Gy/min

0.08418 £ 0.00296  Gy/s 24.05.2022 (end this study)
5.05+£0.18 Gy/min

Nitrogen use: ca. 4 minutes at start of measurement

Figure S5.77: Equipment of the luminescence reader model Risg TL/OSL DA20 used for pIReolR225 SAR
measurements of the polymineral fine grains (4—11 pm).

De-range test

For a first test on the De range of the here investigated samples HDS-1776 to HDS-1778 and
HDS-1799 to HDS-1801, the plRsolR225 protocol as adapted for the minimally prepared coarse
grains from the flower box samples (HDS-1802 to HDS-1817) of the same site Baix was
applied (cf. luminescence screening in Pfaffner et al. (2024)). Two aliquots were measured per
sample. The regeneration dose points for dose response construction were set at 1560 s
(128.4 Gy), 2730 s (224.6 Gy), 3900 s (320.9 Gy), 5070 s (417.2 Gy), 6240 s (513.5 Gy), 0 s
(0 Gy; to determine the recuperation) and 3900 s (320.9 Gy; recycling ratio), and the
normalisation dose (test dose) was 293 s (24.1 Gy). IReo and subsequent IR2zs readout were
performed for 200 s, each (200 data channels; 1 s per data channel). De determination
occurred with the software Analyst (version 4.31.09; Duller, 2015) for the integrals 0-1 s and
0-4 s, respectively, and a late light subtraction 51-60 s (for both De integrals) applying an
exponential plus linear fit for dose response curve modelling. The smallest Des were gained for
the uppermost sample HDS-1778 (ca. 1500 s; ca. 130 Gy), the largest Des for the lowermost
sample HDS-1799 (ca 5560 s; ca 480 Gy) (Table S5.25).
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Table S5.25: Results of the De range test with a not yet finally adapted plReolR225 protocol.

sample turntable aliquot recovered dose recovered dose
position [s irradiation time] [s irradiation time]

[HDS-no.] [#] [#] [0-15] [0-45]

HDS-1776 1 1 2346.99 129.07 2418.19 102.42
HDS-1776 3 2 2433.00 163.11 2601.13 122.35
HDS-1777 5 3 2148.17 116.14 2184.81 92.95
HDS-1777 7 4 2307.92 163.98 2141.00 99.01
HDS-1778 9 5 1320.52 150.31 1534.13 78.23
HDS-1778 11 6 1471.47 127.62 1493.81 83.73
HDS-1779 13 7 5287.26 374.48 5565.41 346.63
HDS-1779 15 8 5364.57 301.37 5662.60 383.46
HDS-1800 17 9 3014.88 160.58 3195.48 144.83
HDS-1800 19 10 3249.08 166.31 3221.72 142.11
HDS-1801 21 11 2827.86 178.83 2735.70 130.97
HDS-1801 23 12 2649.51 127.78 2731.76 108.44

Normalisation dose test

Initially not considering the largest Des of sample HDS-1799 gained by the De test, for further
tests a dose response curve was constructed for an expected dose of 2700 s (100 %; 226.0
Gy) with regeneration dose points at 40 % (1080 s; 90.4 Gy), 70 % (1890 s; 158.2 Gy), 100 %
(2700 s; 226.0 Gy), 130 % (3510 s; 293.8 Gy), 160 % (4320 s; 361.6 Gy), 0% (0 s; 0 Gy)
(testing for recuperation) and 100 % (2700 s; 226.0 Gy) (determining the recycling ratio) (2700

s dose response curve).

For this expected dose a normalisation dose test (cf. Colarossi et al. 2018) was performed with
normalisation doses (NRM) at 0.5 % (14 s), 1 % (27 s), 2.5 % (68 s), 5 % (135 s), 7.5 % (203
s), 10 % (270 s), 20 % (540 s), 30 % (810 s), 40 % (1080 s), 50 % (1350 s), 60 % (1620 s), 70
% (1890 s), 80 % (2160 s), 90 % (2430 s) and 100 % (2700 s) of the expected dose (one
aliquot of sample HDS-1776 each). The samples which received a laboratory dose (LAB) of
2700 s (226.0 Gy), had been bleached for 3 h under a solar simulator (model Dr. Honle, SOL
2) while covered by an UVILEX glass filter and placed on a watercooled copper plate (ca 22
°C), and — prior to the SAR measurement — stored for at least 24 h in the dark at room
temperature. For De determination the D integrals 0-1 s, 0—4 s and 0-10 s were analysed,
using in each case the integral 51-60 s for late light subtraction. For dose response curve
modelling a single exponential and an exponential plus linear fit were applied. As a result the
different variants of D determination gave the same results within error margins. With respect
to the expected dose the best results were gained for normalisation doses of/from 7.5 % and/to
30 % of the expected dose (Fig.S5.78, Fig. S5.79, Table S5.26).
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Figure S5.78: Normalisation dose test on bleached aliquots of sample HDS-1776 with a laboratory dose
of 2700 s (ca 226 Gy). Exponential plus linear fit for dose response modelling. Late light subtraction 51—
60 s; D¢ integral 0—4 s. Normalisation doses of (or from) 7.5 % (203 s) and (or to) 30 % (810 s) of the
laboratory dose (2700 s) delivered the best results. Normalisation doses above 30 % underestimate the
expected value.
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Figure S5.79: Normalisation dose test on bleached aliquots of sample HDS-1776 with a laboratory dose
of 2700 s (ca 226 Gy). (a) Single exponential and (b) exponential plus linear fit for dose response
modelling. Late light subtraction 51-60 s; D. integral 0—4 s. Normalisation doses of/from 7.5 % (203 s)
and/to 30 % (810 s) of the laboratory dose (2700 s) delivered the best results. Normalisation doses
above 30 % systematically underestimate the expected value, those below 7.5 % show an erratic pattern
or no determinable D¢ (0.5 %).

Table S5.26: Results of the normalisation does test on sample HDS-1776 with a laboratory dose of 2700
s (226 Gy).

aliquot position normalisation dose
[% of expected dose] [s]

single exponential
late light 51-60 s

11-1s 11-4s 11-10s (11-4s)-(11-15s) (11-10s)-(11-15s)

De [s] De [s] De [s] [%] [%]

1 1 0.5 14 1781.14 184.97 n.a. n.a. n.a. n.a.

2 3 1.0 27 2021.09 180.09 2216.18 173.15 2177.06 153.80 9.65 7.72
3 5 2.5 68 2401.27 224.47 2522.24 165.02 2558.74 165.72 5.04 6.56
4 7 5.0 135 2913.20 250.22 2853.88 182.96 2722.23 150.40 -2.04 -6.56
5 9 7.5 203 2688.07 168.01 2649.90 126.67 2658.66 123.08 -1.42 -1.09
6 11 10.0 270 2699.57 173.02 2765.34 136.82 2729.04 127.45 244 1.09
7 13 20.0 540 2571.32 123.00 2595.93 103.07 2620.57 102.37 0.96 1.92
8 15 30.0 810 2713.15 124.01 2666.08 99.38 2669.94 97.29 =il,7/83 -1.59
9 17 40.0 1080 2573.20 98.36 2561.00 88.44 2610.13 89.80 -0.47 1.44
10 19 46.2 1246 2524.12 99.30 2550.69 90.13 2556.79 90.68 1.05 1.29
11 21 60.0 1620 2568.12 99.45 2577.35 87.19 2566.29 85.45 0.36 -0.07
12 23 70.0 1890 2490.44 91.55 2549.01 86.27 2537.15 84.34 235 1.88
13 25 80.0 2160 2575.06 93.90 2538.56 83.29 2518.17 82.57 -1.42 -2.21
14 27 90.0 2430 2533.63 92.29 2538.33 87.56 2498.11 85.22 0.19 -1.40
15 29 100.0 2700 2418.92 83.54 2449.34 79.14 2428.95 78.63 1.26 0.41
MEAN: 1.16 0.67

202



aliquot position normalisation dose exponential plus linear

[% of expected dose] [s] late light 51-60 s
11-1s 11-45s 11-10s (11-45s)-(11-15) (11-10s)-(11-15)
De [s] De [s] De [s] [%] [%]
1 1 0.5 14 1745.97 156.21
2 3 1.0 27 1989.66 161.46 2164.61 153.27 2138.88 140.45 8.79 7.50
3 5 2.5 68 2451.99 232.87 2597.39 168.67 2616.75 169.62 5.93 6.72
a4 7 5.0 135 2989.46 235.55 2903.05 181.19 2794.65 148.67 -2.89 -6.52
5 9 7.5 203 2746.41 169.23 2666.45 127.79 2680.01 124.18 -2.91 -2.42
6 11 10.0 270 2798.08 168.47 2772.16 136.96 2768.46 128.09 -0.93 -1.06
7 13 20.0 540 2606.42 124.54 2622.90 104.16 2683.24 102.09 0.63 2.95
8 15 30.0 810 2737.49 124.92 2685.00 100.17 2708.44 97.58 -1.92 -1.06
9 17 40.0 1080 2610.56 100.00 2575.50 89.30 2632.41 90.68 -1.34 0.84
10 19 46.2 1246 2561.26 100.71 2582.55 91.17 2589.78 91.93 0.83 1.11
11 21 60.0 1620 2584.94 100.14 2585.52 87.59 2592.69 86.27 0.02 0.30
12 23 70.0 1890 2509.03 93.03 2578.29 87.41 2556.18 85.26 2.76 1.88
13 25 80.0 2160 2631.37 93.68 2558.22 84.13 2532.78 83.33 -2.78 -3.75
14 27 90.0 2430 2544.43 85.57 2584.54 87.86 2542.02 85.45 1.58 -0.09
15 29 100.0 2700 2451.70 79.93 2482.46 80.62 2457.87 79.95 1.25 0.25
MEAN: 0.65 0.48
EXP+LIN - EXP
11b1ls 11b4s 11b10s I1b1s 11b4s 11b10s
[s] [s] [s] [%] [%] [%]
-35.17 -1.97
-31.43 -51.57 -38.18 -1.56 233" -1.75
50.72 75.15 58.01 2.11 298' 2.27
76.26 49.17 72.42 2.62 172" 2.66
58.34 16.55 21.35 217 062" 0.80
98,51 6.82 39.42 3.65 025" 1.44
35.10 26.97 62.67 1.37 1.04" 2.39
24.34 18.92 38.50 0.90 071' 1.44
37.36 14.50 22.28 1.45 057" 0.85
37.14 31.86 32.99 1.47 125' 1.29
16.82 8.17 26.40 0.65 032" 1.03
18.59 29.28 19.03 0.75 115" 0.75
56.31 19.66 14.61 2.19 0.77' 0.58
10.80 46.21 43.91 0.43 1.82" 1.76
32.78 33.12 28.92 1.36 135' 1.19
MIN: -1.97 -2.33 .75
MAX: 3.65 2.98 2.66
MEAN: 1.17 0.87 1.19

Dose recovery tests

Next, three dose recovery tests on sample HDS-1776, each with a laboratory dose of 2700 s
(226 Gy) and a normalisation dose of 7.5 % of the expected dose (203 s) (15 aliquots), 10 %
(270 s) (10 aliquots) and 30 % (810 s) (10 aliquots) were performed using the regeneration
dose points of the 2700 s dose response curve. The results show that the expected dose of
2700 s is slightly underestimated for the two lower normalisation doses (recovered central
doses 2563.7 £ 45.1 s with an overdispersion (OD) of 5.0 + 0.4 % and 2611.7 + 76.8 s with
OD 7.6 £ 0.8 %, respectively; Fig. S5.80a, Fig. S5.80b), but met by the 30 % normalisation
dose (2715.2 £ 32.0 s, OD 0.0 %) (results for the exponential plus linear fit, D¢ integral 0-4 s,
late light 51-60 s) (Fig. S5.80c). Therefore, in a next step two further dose recovery tests (10
aliquots each), one with a laboratory dose of 1500 s (ca. 125.6 Gy; cf. Table S5.25, sample
HDS-1778) and the other with a laboratory dose of 3200 s (ca. 267.9 Gy; cf. Table S5.25,
samples HDS-1800 and HDS-1801) were performed using the 2700 s dose response curve

with the 30 % normalisation dose. For both, the lower and the larger laboratory dose, the
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recovered central doses met the expected dose reasonably well (1571.3 £ 16.9 s; 3224.8 +
39.3 s), and in both cases with zero OD (Fig. S5.81a-b).
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Figure S5.80: Dose recovery tests with LAB 2700 s and NRM (a) 7.5 %, (b) 10 % and (c) 30 % of LAB.
Although most aliquots meet the expected dose within De errors within a range of 10 %, the best results

are gained for NRM 30 %.
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Figure S5.81: Dose recovery tests with NRM 30 % (of 2700 s; 2700 s dose response curve) for (a) LAB
1500 s (125.6 Gy) and (b) 3200 s (267.9 Gy). All aliquots of both tests meet the expected dose within a
range of 10 % within De errors.

As for the lowermost sample (HDS-1779), the central dose was beyond the largest

regeneration dose point (REG) (4320 s resp. 361.6 Gy), a further dose recovery test with the

30 % normalisation dose was performed, using an extended dose response curve with two

more regeneration dose points (see Fig. S5.84). The test was performed on 10 bleached and
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dosed aliquots of sample HDS-1776. As a result, the expected dose was reproduced well (Fig.
S5.83; central dose 5456.9 + 74.1 s) and again the OD was zero.
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Figure S5.82: Dose recovery tests with NRM 30 % (of 2700 s; 2700 s dose response curve) for LAB
5500 s (460.4 Gy), applying an extended growth curve as depicted in Fig. S5.83. All aliquots meet the
expected dose within error margins.

pIReolR225 SAR protocol

Based on the pretests the SAR protocol for De determination of the polymineral fine grains (4—

11 um) from the 6 block samples was adapted as outlined in Fig. S5.83. The SAR

measurements were processed after flooding the measurement chamber of the luminescence

reader for 4 minutes with liquid nitrogen without applying the run-one-at-a-time mode. 16

aliquots were measured of each sample, placed on every second turntable position to avoid

potential cross bleaching (Kreutzer et al. 2013).

w

R« BT R

2a)

2b)

Preheat for 60 s at 280 °C (TL command) Start on natural signal
IR-stimulation for 200 s at 60 °C
IR-stimulation for 200 s at 225 °C

Give (-test dose (780 s}ﬁ

Preheat for 60 s at 280 °C (TL command) Test dose subcycle
IR-stirmulation for 200 s at 60 °C

IR-stirmulation for 200 s at 225 °C

Give regeneration dose Start on regenerated signals
(1080's,1890 s, 27005, 3510'5,4320 5, 057, 2700 7))

(5130's,5940's, 0s*, 2700 s*) (extension for HDS-1799 only)

Repeat steps 1 - 8 until all regeneration doses are administered and O5L signals read out

& corresponding to ca. 67.8 Gy or 30 % of the expected dose

2} corresponding to: 90.4 Gy, 158.2 Gy, 226.0 Gy, 293.8 Gy, 361.6 Gy, 0 Gy, 226.0 Gy (10.02.2022)
»} corresponding to: 429.4 Gy, 497.2 Gy, 0 Gy, 226.0 Gy (10.02.2022)

3 recuperation

A recycling ratio

Figure S5.83: Schematic representation of the pIReolR225 SAR protocol applied to polymineral fine grains
(4-11 pm) of the 6 block samples HDS-1776 to HDS-1778 and HDS-1799 to HDS-1801.

205



As for the lowermost sample (HDS-1779), the central dose was beyond the largest
regeneration dose point (REG) (4320 s resp. 361.6 Gy), for this sample two more recycling
dose points were added at the upper end of the dose response curve (5130 s resp. 429.43 Gy;;
5940 s resp. 497.23 Gy), followed by another zero dose point (recuperation) and another 2700
s dose point (recycling ratio). For results of the corresponding dose response test cf. Fig.
S5.82.

De determination

The D. determination occurred with the software Analyst (version 4.31.09; Duller, 2015)
applying the parameters of data analysis as depicted in Fig. S5.84.

Software: Luminescence Analyst, version 4.31.9 (Duller 2015)
Curve fitting: Exponential plus linear

Integral [channel]: 1-4(0-45)

Background [channel]: 51-60(51-60s)

Use recycled points for fitting: Yes

Measurement error [%]: 1.5

Incorportae error on curve fitting: Yes

Recycling ratio limit [%]: 10

Maximum test dose error [%]: 10

Maximum recuperation [% of N]: 10

Tn signal > 3 sigma above background: Yes

Figure S5.84: Parameters of the De determination.

The analysis of the counts of the first data channel resp. first second of the shine down curve
of sample HDS-1776 shows that the strength of the subsequently read out IR225 signal of the
polymineral fine grains, in contrast to the feldspar coarse grains, is only ca. 70 % of the strength
of the previously read out IReo signal (Table S5.27).
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Table S5.27: Comparison of the signal strength of the IRg and IR225 signals. The comparison is based
on the mean counts of the initial signal (0—1 s) of all normalisation doses (set number 9 (IReo) and 10
(IR225); 8 records each) of the 16 measured aliquots.

NRM - IRgo NRM - IRy,5 NRM - IRy,5 / NRM - IRg,
Position Mean SD SD Mean SD SD
[cts] [cts] [%] [cts] [cts] [%]
1 8321.00 290.13 3.49 5639.38 288.83 5.12 0.7
3 9746.13 589.60 6.05 5750.25 289.63 5.04 0.6
5 6808.13 427.40 6.28 4700.50 212.01 4.51 0.7
7 6121.88 144.81 2.37 4949.88 194.51 3.93 0.8
9 6905.63 367.35 5.32 5365.75 279.95 5.22 0.8
11 8353.88 358.65 4.29 5542.25 318.87 5.75 0.7
13 9610.88 570.48 5.94 5751.50 320.49 5.57 0.6
15 8044.13 426.38 5.30 5447.13 292.71 5.37 0.7
17 6575.50 299.32 4.55 4826.25 223.74 4.64 0.7
19 7376.13 392.20 5.32 5282.63 289.50 5.48 0.7
21 7552.63 378.62 5.01 5246.88 254.03 4.84 0.7
23 9466.75 517.58 5.47 5920.00 344.73 5.82 0.6
25 10544.00 684.31 6.49 6345.13 296.08 4.67 0.6
27 8868.50 407.53 4.60 5821.25 285.21 4.90 0.7
29 7406.38 426.35 5.76 5583.75 267.61 4.79 0.8
31 7761.13 466.72 6.01 5349.00 297.38 5.56 0.7
MEAN: 0.7
MIN: 0.6
MAX: 0.8

SAR measurements

Results of the De measurements are presented in Fig. S5.85 to Fig. S590. Comparison of the
very early De integral 0—1 s vs. the integral 0—4 s shows no systematic differences for the two
intervals, which could possibly point to insufficient (partial) bleaching during the last cycle of

sediment reworking.
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turntable  aliquot determined dose determined dose

position [s irradiation time] [s irradiation time]
# # [0-15] [0-45]
1 1 2420.90 106.37 2520.01 91.25
2 2 2558.25 101.63 2486.25 86.09
3 3 2407.73 105.05 2464.95 91.89
4 4 2466.72 97.03 2541.71 89.24
5 5 2464.73 106.55 2521.65 91.20
6 6 2486.47 107.30 2397.66 84.93
7 7 2488.22 108.49 2467.51 87.68
8 8 2445.19 97.35 2471.83 87.20
g 9 2521.99 105.94 2551.81 94.17
10 10 2290.10 100.56 2405.25 87.89
11 11 2446.08 108.17 2537.91 93.67
12 12 2394.35 102.32 2452.90 88.65
13 13 2363.48 95.30 2427.99 85.47
14 14 2441.92 101.94 2432.18 87.14
15 15 2390.12 104.26 2395.53 86.01
16 16 2319.39 97.85 2338.89 84.16
central dose: 2432.20 25.70 2462.30 22.10

Figure S5.85: De determination on sample HDS-1776. Exponential plus linear fit. Example of shine down
curve and dose response curve (De integral 0-4 s), and weighted histogram of all analysable aliquots
(N =16; OD = 0.0 %).
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turntable aliquot determined dose determined dose
position [s irradiation time] [s irradiation time]
[# [# [0-15] [0-45]
1 1 2031.15 91.81 2047.72 71.26
2 2 2006.23 86.16 2023.48 75.76
3 3 2144.41 95.25 2123.07 77.17
4 4 2112.66 90.54 2026.28 74.72
5 5 2137.78 93.04 2107.70 76.44
6 6 2046.38 82.05 2041.38 74.11
7 7 2091.41 92.70 2135.48 77.64
8 8 2065.57 93.98 2082.04 76.93
g 9 2242.45 102.53 2116.22 78.20
10 10 2046.58 88.25 2068.74 75.95
11 11 2081.82 91.60 2117.29 76.93
12 12 2024.32 93.83 1965.82 74.07
13 13 2084.28 96.79 2054.96 75.53
14 14 1957.55 85.25 2023.78 73.32
15 15 2091.29 90.42 2093.97 74.29
16 16 2094.39 99.50 2064.39 77.19
central dose: 2076.60 22.90 2068.30 18.90

Figure S5.86: De determination on sample HDS-1777. Exponential plus linear fit. Example of shine down
curve and dose response curve (De integral 0—4 s), and weighted histogram of all analysable aliquots
(N =16; OD = 0.0 %).
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Figure S5.87: De determination on sample HDS-1778. Exponential plus linear fit. Example of shine down
curve and dose response curve (De integral 0—4 s), and weighted histogram of all analysable aliquots

(N = 16; OD = 0.0 %).
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turntable aliquot determined dose determined dose

position [s irradiation time] [s irradiation time]
[#] [# [0-15] [0-45]
1 1 5504.75 306.04 5518.70 241.77
2 2 5888.44 317.93 5856.74 301.21
3 3 5549.88 300.46 5478.73 247.88
4 4 n.a. n.a. 5668.36 251.33
5 5 5658.80 282.60 5795.72 243.17
6 6 5328.12 294.08 5482.13 224.61
7 7 5427.39 246.68 5612.08 238.61
8 8 5521.94 354.92 5701.83 300.35
9 9 5673.58 272.16 5576.85 252.15
10 10 5463.84 294.39 5427.71 252.57
11 11 5560.68 333.02 5461.03 245.20
12 12 5453.53 295.28 5239.42 227.07
13 13 5218.78 263.37 5334.22 222.17
14 14 5139.38 249.94 5309.54 221.16
15 15 5953.40 302.16 5869.07 295.76
16 16 5538.52 299.66 5445.89 236.27
central dose: 5517.90 75.00 5530.60 61.70

Figure S5.88: D, determination on sample HDS-1799. Exponential plus linear fit. Example of shine down
curve and dose response curve (De integral 0-4 s), and weighted histogram of all analysable aliquots
(N =16; OD = 0.0 %).
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turntable  aliquot determined dose determined dose
position [s irradiation time] [s irradiation time]
[# [# [0-15] [0-45]
1 1 3089.62 115.11 3149.42 113.98
2 2 3113.88 128.14 3166.97 120.53
3 3 3155.51 129.74 3194.35 120.48
4 4 3202.76 131.08 3220.97 123.33
5 5 2976.26 121.07 3134.93 117.15
6 6 3264.61 128.04 3270.86 114.10
7 7 3344.31 134.00 3215.12 120.13
8 8 3309.83 136.60 3271.94 119.68
9 9 2968.18 124.84 3072.42 116.35
10 10 2905.48 116.79 3069.77 110.60
11 11 3102.74 125.16 3195.94 116.18
12 12 3027.62 115.27 3040.19 107.67
13 13 3207.17 137.04 3161.53 116.98
14 14 2979.03 126.68 3075.16 109.64
15 15 3111.66 117.91 3170.16 109.22
16 16 3138.69 131.53 3109.79 115.30
central dose: 3116.10 31.40 3156.40 28.90

Figure S5.89: D. determination on sample HDS-1800. Exponential plus linear fit. Example of shine down
curve and dose response curve (De integral 0—4 s), and weighted histogram of all analysable aliquots
(N =16; OD = 0.0 %).
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turntable  aliquot determined dose determined dose
position [s irradiation time] [s irradiation time]
# # [0-15] [0-45]
1 1 2515.62 107.72 2643.54 97.53
2 2 2779.67 119.86 2814.87 102.59
3 3 2574.62 109.31 2726.85 100.62
4 4 2766.72 115.73 2777.53 100.56
5 5 2854.90 122.21 2832.23 102.12
6 6 2673.48 111.13 2712.29 97.85
7 7 2749.55 116.50 2823.41 102.83
8 8 2883.57 120.61 2826.06 104.62
9 9 2960.33 121.87 2993.26 112.55
10 10 2631.13 120.39 2758.69 103.72
11 11 2815.44 127.28 2853.15 108.38
12 12 2796.49 119.06 2921.16 108.50
13 13 2815.47 125.83 2849.36 109.95
14 14 2964.35 133.54 2873.40 108.43
15 15 2684.88 115.44 2711.18 99.84
16 16 2760.92 119.62 2772.44 104.28
central dose: 2761.60 30.80 2803.20 26.00

Figure S5.90: D. determination on sample HDS-1801. Exponential plus linear fit. Example of shine down
curve and dose response curve (D¢ integral 0-4 s) and weighted histogram of all analysable aliquots (N
= 16; OD = 0.0 % for De integral 0-4 s, but 1.2 + 0.7 % for De integral 0-1 s).

S5.4.2 Report coarse grains — plReolR225 — DA240 “Athenaeum”
Instrumentation

Post infrared (at 60 °C) infrared (at 225 °C) (pIReolR225) single aliquot regeneration (SAR)
(Murray and Wintle, 2001; Thomsen et al. 2008) measurements of feldspar coarse grains
(125-212 pm) were carried out on a luminescence reader model Risg DA20 (serial no. 240;
nicknamed “Athenaeum”; Kadereit and Kreutzer 2013), equipped as depicted in Fig. S5.91.
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Luminescence reader: Risp model TL/OSL DA20 (No. 240, "Athenaeum")
turntable: 48 measurement positions
use every 2" position (or wider spacing) to avoid IR cross talk
IR stimulation: IR at 60 °C and IR at 225 °C
IR-LEDs; 3 clusters; 7 LEDs each; 870 A 40 nm
measurements with 90 % diode-power, after 10 s warmup
Blue light stimulation: not used for pIRggIR,,5 SAR protocol
blue light emitting diodes; four clusters; 7 LEDs each; 470 A 30 nm
measurements with 90 % diode-power, after 10 s warmup
Detection: bialkali PMT EMI 9235QB15
Detection filter: CH-30D410-44.3 (Chroma)
Detected emission: violet-blue, around 410 nm

B-dose rate: 0.08057 £0.00408  Gy/s 16.06.2021 (start this study)
4.8 +0.2 Gy/min

0.07987 +0.00405 Gy/s 26.10.2021 (end this study)
4.79 £0.24 Gy/min

Nitrogen use: ca. 4 minutes at start of measurement

Figure S5.91: Equipment of the luminescence reader model Risg TL/OSL DA20 used for pIReolR225 SAR
measurements of the feldspar coarse grains (112—-225 um).

Derange

A separate test on the D. range was not carried out on the potassium feldspar coarse grain
separates, as plReslR22s SAR measurements had been performed in an earlier study, i.e. a
luminescence screening on minimally prepared samples from the lower ca 7 m of the Baix
section (Pfaffner et al. 2024) covering the range of the 6 block samples investigated in the
present study. Therefore, a dose response curve aiming at an expected dose (100 %) of 3900
s (ca 313.4 Gy) was constructed with 7 regeneration dose points (REG) at 40 % (1560 s; ca
125.4 Gy), 70 % (2730 s; ca 219.4 Gy), 100 % (3900 s; ca 313.4 Gy), 130 % (5070 s; ca 407.5
Gy), 160 % (6240 s; ca. 501.5 Gy), 0 % (0 s; 0 Gy) and 100 % (3900 s; ca 313.4 Gy), using
the latter two also to investigate the signal recuperation after zero dosing and the recycling
ratio of a repeatedly measured dose point, respectively. Thus, the 3900 s dose response curve

is identical to the one applied by (Pfaffner et al. 2024).

Test on the strength of the luminescence signal using different aliquot sizes

To evaluate how much the number of analysed mineral grains per aliquot could be reduced, in
afirst test 3 aliquots of sample HDS-1776 (lowermost sample, likely largest De) with the natural
luminescence were measured, one small (102 grains), one tiny (10! grains) and one supertiny
(10° grains) sized aliquot, using the plIR22s5IR290-protocol as adapted for the screening of the
flower-box samples (cf. Pfaffner et al. 2024; Fig. S5.92). The integral 51-60 s was used for
late light subtraction, while the initial integrals 0-1 s, 0—4 s and 0-10 s were tested for De
determination. Data analysis of this test, as well as for all other test measurements and De
determination, occurred with the software Analyst (version 4.31.09; Duller, 2015). The results
show that the smallest aliquot size is suitable for D. determination. Therefore all following

pretests and the De measurements were performed on supertiny aliquots (100 grains). An
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exponential plus linear fit for dose response curve modelling was regarded as more appropriate

than a single exponential fit meeting better the uppermost regeneration dose point (Fig. S5.93,
Fig. S5.94). The Des varied between ca 2571 s (ca. 207 Gy) (tiny aliquot) and ca 3050 s (ca
245 Gy) (small aliquot).

w N

N o b

Preheat for 60 s at 280 °C (TL command)
IR-stimulation for 200 s at 60 °C
IR-stimulation for 200 s at 225 °C

Start on natural signal

Give B-test dose (293 s)l)

Preheat for 60 s at 280 °C (TL command)
IR-stimulation for 200 s at 60 °C
IR-stimulation for 200 s at 225 °C

Test dose subcycle

Give regeneration dose Start on regenerated signals

2 (1560's,2730's,3900 s, 5070 s, 6240's, 0 s°), 3900 s*)

Repeat steps 1 - 8 until all regeneration doses are administered and OSL signals read out
Y corresponding to ca. 24.1 Gy or 7.5 % of the expected dose

% corresponding to: 128.4 Gy, 224.6 Gy, 320.9 Gy, 417.2 Gy, 513.5 Gy, 0 Gy, 320.9 Gy (30.07.2020)
3 recuperation

4 recycling ratio

Figure S5.92: Schematic representation of the plReolR225 SAR protocol applied to minimally prepared
polymineral coarse grains from 126 miniature (1 cm3) subsamples (A—H) of the flower box samples HDS-
1802 to HDS-1817 (figure from Pfaffner et al. 2024). The protocol as adapted for the flower box samples
was used for a first test measurement on potassium feldspar coarse grains with aliquots of varying size
(sample HDS-1776).
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Figure S5.93: Test measurement on 3 aliquots with the natural luminescence (a) small (102 grains), (b)
tiny (101 grains) and (c) supertiny (100 grains). Exponential fit. De integral 0—4 s, late light integral 51—
60 s.
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Figure S5.94: Test measurement on 3 aliquots with the natural luminescence (a) small (102 grains), (b)
tiny (101 grains) and (c) supertiny (100 grains). Exponential plus linear fit. D integral 0-4 s, late light
integral 51-60 s.

Normalisation dose test

A test to determine a suitable normalisation dose (also “test dose”) for the SAR De
measurements (Colarossi et al. 2018) was performed on 15 supertiny aliquots of sample HDS-
1776, with varying normalisation doses (NRM) setat 20 s, 39s, 98 s, 195 s, 293 s, 390 s, 780
s, 1170 s, 1560 s, 1800 s, 2340 s, 2730 s, 3120 s, 3510 s and 3900 s A-irradiation time (one
aliquot each), corresponding to 0.5 %, 1 %, 2.5 %, 5 %, 7.5 %, 10 %, 20 %, 30 %, 40 %, 50
%, 60 %, 70 %, 80 %, 90 % and 100 % of the expected dose (administered laboratory dose of
3900 s, corresponding to ca 314 Gy at the time of measurement). Prior to administering the
laboratory dose (LAB), the aliquots were bleached for 3 h under a solar simulator (Sol 2, Dr.
Honle), while covering the aliquot holder with a UVILEX glass filter to better align the light
spectrum with that of the natural sun light, and placing the aliquot holder on a water cooled
copper plate (ca 22 °C). Prior to measurement the aliquots were stored for at least 24 h in the
dark to allow for any electron excitation to decay. This procedure (bleaching and storage) was
applied in the here described manner to all aliquots that were bleached and dosed for OSL
dating pretests in the present study, including those on polymineral and quartz fine grains (cf.

respective supplements).
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While dose response curves for the lowest applied normalisation doses are quite strongly
curved, they stretch with increasing normalisation doses (Fig. S5.95). Aliquots measured with
normalisation doses <20 % of the expected dose mostly overestimate the expected value, and
show comparably large errors, while those measured with a normalisation dose >20 % mostly
underestimate the given dose (Fig. S5.96).

Neither the model of the dose response curve fitting (single exponential; exponential plus
linear), nor the length of the D. integral have an influence on the results (Table S5.28). Only
one aliquot (second aliquot, measurement position 3, NRM 1 % of LAB) which showed below
average luminescence counts, could not be analysed for the earliest D integral (0—1 s) (Table
S5.28). As a result a normalisation dose of 20 % (ca 62.8 Gy) of the expected dose (Fig.
S5.95q) appears appropriate for the here applied SAR protocol (cf. Fig. S5.92). For further
tests the exponential plus linear fit was used together with the D, integral 0—4 s and an integral

51-60 s for late light subtraction.
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Figure S5.95: Normalisation dose test on bleached aliquots of sample HDS-1776 with a laboratory dose

of 3900 s (ca. 314 Gy). Single exponential fit for dose response modelling. Late light subtraction 51-60
s; De integral 0—4 s. A normalisation dose of 20 % (780 s) of the laboratory dose (3900 s) appears most
appropriate (g, highlighted in green). Most results for normalisation doses below 20 % dose overestimate
the expected value, while most results above 20 % underestimate it.

Table S5.28: Results of the normalisation dose test for different De integrals. (a) Single exponential fit.
(b) Exponential plus linear fit. A normalisation dose of 20 % (780 s) of the laboratory dose (3900 s)
appears most appropriate.

@)

W o~ U WNR
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11
13
15
17
19
21
23
25
27
29

aliquot position normalisation dose
[% of expected dose] [s]

0.5
1.0
2.5
5.0
/25
10.0
20.0
30.0
40.0
46.2
60.0
70.0
80.0
90.0
100.0

single exponential
late light 51 - 60 s

11-1s 11-4s 11-10s
De [s] De [s] De [s]
20 4552.69 699.98 4264.29 540.90 4244.01 526.59
39 na. 4480.05 1127.75 5360.43 no error
98 5302.15 570.95 4925.08 418.10 4978.54 418.71
195 3236.62 196.28 3363.22 178.13 3365.74 177.51
293 4132.75 613.03 4131.52 434.41 4236.60 508.80
390 4247.37 244.99 4113.25 189.26 4051.86 178.04
780 3955.19 148.89 3909.27 132.79 3923.29 131.75
1170 3647.43 114.83 3674.82 108.22 3652.83 107.22
1560 3728.15 129.11 3767.91 130.58 3775.07 132.00
1800 3763.56 120.21 3779.29 116.10 3748.00 114.37
2340 3397.89 98.57 3372.88 96.16 3362.15 95.87
2730 3469.13 97.63 3477.65 96.34 3442.27 96.19
3120 3518.98 102.53 3524.28 100.66 3507.59 101.03
3510 4056.56 137.47 4038.26 136.71 4030.54 139.59
3900 3468.01 94.91 3481.79 94.02 3485.27 94.74
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aliquot position normalisation dose
[% of expected dose] [s]

11-1s
De [s]
1 1 0.5 20 4596.03
2 3 1.0 39 n.a.
3 5 2.5 98 5253.50
4 7 5.0 195 3341.49
5 9 7.5 293 4298.44
6 11 10.0 390 4312.28
7 13 20.0 780 3987.66
8 15 30.0 1170 3658.36
9 17 40.0 1560 3775.29
10 19 46.2 1800 3763.30
11 21 60.0 2340 3387.68
12 23 70.0 2730 3457.73
13 25 80.0 3120 3510.58
14 27 90.0 3510 4093.43
(b) 15 29 100.0 3900  3460.87
5900
T Exponential fit
5400 4 integral 0 - 4 s, late light 51- 60 s
4900 4 %)
= 4400 % S T
[=]
B 3900 ? ? e} ¢
g 1 o @ @
S a0 I % g 0 ° o
2900 4
2400 4
1900
05 1 25 5 75 10 20 30 40 50 60 70 80 90 100
normalisation dose [% of expected dose]
(@)

Figure S5.96: Normalisation dose test on bleached aliquots of sample HDS-1776 with a laboratory dose
of 3900 s (ca 314 Gy). A normalisation dose of 20 % (780 s) of the laboratory dose (3900 s) appears

most appropriate.

Dose recovery test

The suggested normalisation dose (20 % of LAB) was investigated in a further test on 8
artificially bleached and dosed aliquots. The dose recovery test supports the results of the
normalisation dose test, giving a central dose of 3939.6 + 78.6 s, with an overdispersion (OD)

of 4.3 % for the exponential plus linear fit. All recovered Des meet the expected dose within an

error range of 10 % (Fig. S5.97).

exponential plus linear
late light 51 - 60 s

653.76

326.54
210.07
581.15
243.60
149.38
11541
130.05
120.20

97.26

96.47
101.39
137.77

94.11

5900

5400

4900 4

3900

recovered De [s]

2900 -

2400

1900

(b)
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4400

3400 1

11-4s

De [s]
4297.77
4656.58
4989.70
3447.28
4316.07
4179.39
3933.23
3669.88
3812.63
3774.91
3367.96
3464.17
3527.43
4077.94
3475.07

532.26
945.91
304.59
186.13
378.52
189.69
133.40
107.87
131.60
115.87

95.61

95.16
100.90
136.55

93.32

11-10s

De [s]
4283.19
5356.48
5029.61
3434.94
4421.72
4093.35
3949.38
3646.26
3819.49
3747.46
3355.01
3429.89
3510.72
4084.28
3479.18

517.61
1463.09
303.32
185.30
433.73
178.88
132.34
106.71
133.01
114.34
95.03
95.12
101.26
138.76
94.22
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Exponential plus linear fit
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Figure S5.97: Dose recovery test on bleached aliquots of sample HDS-1776 with a laboratory dose of
3900 s (ca 314 Gy) and a normalisation dose of 780 s (ca 62.7 Gy; 20 % of the laboratory dose).

pIReolR225 SAR protocol

Based on the pretests presented above the SAR protocol for De determination on supertiny
aliquots (100 grains) of potassium coarse grains (125-212 um) from the 6 block samples was
adapted as outlined in Fig. S5.98. The SAR measurements were processed after flooding the
measurement chamber of the luminescence reader for 4 min with liquid nitrogen without
applying the run-one-at-a-time mode. 24 aliquots were measured of each sample, placed on

every second turntable position to avoid cross talk (Kreutzer et al. 2013).

As for the lowermost sample (HDS-1799), the D of some aliquots was near/beyond the largest
regeneration dose point (REG) (6240 s resp. 501.50 Gy), for these aliquots two more recycling
dose points were added at the upper end of the dose response curve (7410 s resp. 595.5 Gy;
8580 s resp. 689.6 Gy), starting the continuation measurement with the repetition of the 3900
s and the 6240 s dose point to test the recycling ratio again and finishing it with the zero dose

point and the 3900 s dose point to test the recuperation and the recycling ratio.
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1 Preheat for 60 s at 280 °C (TL command) Start on natural signal
—> 2 IR-stimulation for 200 s at 60 °C
IR-stimulation for 200 s at 225 °C

w

4 Give P-test dose (780 s)”

5 Preheat for 60 s at 280 °C (TL command) Test dose subcycle

6 IR-stimulation for 200 s at 60 °C

7 IR-stimulation for 200 s at 225 °C

8 Give regeneration dose Start on regenerated signals

% (15605,2730's,3900's, 5070's, 6240's, 0s°, 3900 s¥)
2 (3900s",62405", 74105, 8580's, 0's>), 3900 s”) extension for few aliquots of HDS-1799 only

Repeat steps 1 - 8 until all regeneration doses are administered and OSL signals read out
1 corresponding to ca. 62.7 Gy or 20 % of the expected dose
) corresponding to: 125.4 Gy, 219.4 Gy, 313.4 Gy, 407.5 Gy, 501.5 Gy, 0 Gy, 313.4 Gy (23.07.2021)

) corresponding to: 313.4 Gy, 501.5 Gy, 595.5 Gy, 689.6 Gy, 0 Gy, 313.4 Gy (23.07.2021)

3 recuperation

o recycling ratio

Figure S5.98: Schematic representation of the plResolR225 SAR protocol applied to potassium coarse
grains (125—-212 um) of the 6 block samples HDS-1776 to HDS-1778 and HDS-1799 to HDS-1801. For
the uppermost sample HDS-1778 also aliquots with recuperation values >10 % were accepted.

De determination

The De determination occurred with the software Analyst (version 4.31.09; Duller, 2015)
applying the parameters of data analysis as depicted in Fig. S5.99.

Assuming similarly large absolute recuperation, samples/aliquots with a comparatively smaller
D. possess a comparatively larger relative recuperation, as the zero dose signal is compared
to the natural signal. This explains why several aliquots of the uppermost sample HDS-1778
exhibit recuperation values >10 % (see Fig. S5.102). As these aliquots did not show any
conspicuous characteristics, but only comparatively low D. values with associated

comparatively large recuperation values, we did not eliminate these aliquots from the data set.

Software: Luminescence Analyst, version 4.31.9 (Duller 2015)
Curve fitting: Exponential plus linear

Integral [channel]: 1-4(0-45)

Background [channel]: 51-60(51-605s)

Use recycled points for fitting: Yes

Measurement error [%]: 1.5

Incorportae error on curve fitting: Yes

Recycling ratio limit [%6]: 10

Maximum test dose error [%]: 10

Maximum recuperation [% of N]: 10

Tn signal > 3 sigma above background: Yes

Figure S5.99: Parameters of the De determination. For the uppermost sample HDS-1778 also aliquots
with recuperation values >10 % were accepted (cf. Fig. S5.101 of this supplement).

The analysis of the counts of the first data channel resp. first second of the shine down curve
of sample HDS-1776 shows that the signal of the subsequently read out IR225 signal is on

average ca 2-3 times stronger than the previously read out IRgo signal. This is in contrast to
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the polymineral fine grains, extracted and analysed from the same OSL block samples (cf.
supplement sect. 5.4.1).
Table S5.29: Comparison of the signal strength of the IRgo and IR225 signals. The comparison is based

on the mean counts of the initial signal (0—1 s) of all normalisation doses (set number 9 (IReo) and 10
(IR225); 8 records each) of the 24 measured aliquots.

NRM - IRgg NRM - IR;55 NRM - IR,,5 / NRM - IR¢g
Position Mean SD SD Mean SD SD
[cts] [cts] [%] [cts] [cts] [%]
1 25933.8 3463.8 134 66566.5 8725.7 13.1 2.6
3 1952.9 123.0 6.3 42134 536.7 12.7 2.2
5 5974.0 420.6 7.0 16040.4 1631.4 10.2 2.7
7 11281.1 1297.8 11.5 24534.4 3926.3 16.0 2.2
9 2630.0 61.2 2.3 7002.3 576.5 8.2 2.7
11 19605.0 2333.6 11.9 36133.0 5743.5 15.9 1.8
13 1306.1 76.5 5.9 3811.4 361.0 9.5 2.9
15 2152.4 128.5 6.0 8139.4 801.3 9.8 3.8
17 4463.0 449.8 10.1 15941.0 2377.2 14.9 3.6
19 11685.9 1686.2 14.4 27919.6 5274.3 18.9 2.4
21 26702.8 2535.9 9.5 44038.6 3829.1 8.7 1.6
23 23059.3 1999.8 8.7 24876.0 3979.3 16.0 1.1
25 5290.4 487.8 9.2 15973.9 1494.7 9.4 3.0
27 19298.8 3813.6 19.8 41612.1 10177.4 24.5 2.2
29 20910.3 1580.3 7.6 64418.9 4637.6 7.2 3.1
31 10883.4 1108.8 10.2 44802.0 6681.4 14.9 4.1
33 44634.5 3630.5 8.1 86530.0 10708.9 12.4 1.9
35 18118.6 1844.6 10.2 41047.0 5231.2 12.7 2.3
37 5607.3 945.3 16.9 11970.3 2781.8 23.2 2.1
39 28841.5 3383.3 11.7 51855.1 10507.4 20.3 1.8
41 1591.8 147.6 9.3 4078.4 688.8 16.9 2.6
43 4504.3 587.9 13.1 8228.1 1677.1 20.4 1.8
45 2566.5 153.2 6.0 15036.0 1556.7 104 5.9
47 7798.5 846.1 10.9 25086.8 3663.2 14.6 3.2
MEAN: 2.6
MIN: 1.1
MAX: 5.9

SAR measurements

Results of the De measurements are compiled in Fig. S5.100 to Fig. S5.105. Comparison of
the very early D¢ integral 0—-1 s vs. the integral 0—4 s shows no systematic differences for the
two intervals. For the uppermost sample HDS-1778 also the recuperation values are given,

which for this sample may be above 10 %.
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Diff long vs. short De interval
[s irradiation time]
[0-4s]-[0-15]

1 2945.67 95.18 5.86
2 2662.48 96.40 -40.42
3 2646.23 83.01 19.47
4 2461.29 78.25 -26.04
5 2630.97 91.86 -8.44
6 2631.26 78.40 397
7 3535.99 126.85 133.48
8 2281.39 71.79 3.16
9 2834.26 84.40 108.50

10 2673.12 75.85 72.23
11 2409.90 116.23 65.39
12 274431 83.76 36.75
13 2558.31 75.33 4924
14 2954.98 80.61 -31.69
15 2852.35 92.90 47.13
16

17 2697.15 76.96 0.98
18 3144.17 99.98 -10.87
19 3197.45 102.99 -30.36
20 2981.53 84.64 -29.76
21 2057.09 68.46 4832
22 2520.23 75.74 11.15
23 3547.10 126.94 14.45
24 2523.19 72.26 -4.78

centraldose:| | 272050 7120  2738.90 71.20

Figure S5.100: De determination on sample HDS-1776. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 23).
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Diff long vs. short De interval
[s irradiation time]
[0-4s]-[0-15]

1 2139.75 63.26 -72.43
2 233134 65.41 -10.67
3 2177.93 58.84 4977
4 1853.24 67.70 85.46
5 1783.68 50.92 -6.69
6 2623.26 80.10 34.95
7 1884.74 54.47 -6.45
8 2062.89 67.77 20.60
9 1911.46 5337 -48.69

10 2409.60 73.54 86.66
11 2155.88 58.74 59.92
12 2052.88 67.49 37.24
13 1792.98 54.08 23.25
14 2180.13 68.70 36.65
15 1166.68 34.79 1.58
16 2105.29 62.07 33.44
17 1926.13 56.64 59.76
18 2044.96 58.28 27.16
19 2150.22 184.57
20 2115.12 64.90 47.45
21 1937.36 94.50 -105.60
22 2449.24 75.12 76.81
23 2373.03 68.60 1437
24 1988.85 59.57 113
centraldose:| 202430 6500  2044.90 64.30

Figure S5.101: De determination on sample HDS-1777. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 23).
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turntable  aliquot determined dose  determined dose  Diff long vs. short De interval recuperation recuperation

position [s irradiation time] [s irradiation time] [s irradiation time] [% signal of N] [% signal of N]
[#] [#] [0-15] [0-45] [0-45s]-[0-15] [0-15] [0-45]
1 1 1366.46 68.45 1296.55 54.71 -69.91 27.92 1.46 32.03 1.30
3 2 2149.02 80.12 2113.00 65.71 -36.02 8.80 0.46 8.69 0.35
5 3 1653.14 49.42 1667.30 47.51 14.16 12.04 0.44 11.79 0.38
7 4 1367.17 43.13 1375.47 39.51 8.30 12.69 0.45 12.61 0.41
9 5 1682.96 50.44 1673.86 47.80 -9.10 9.53 0.35 9.63 0.31
11 6 + no signal + no signal
13 7 1464.10 63.23 1538.43 52.40 74.33 10.58 0.57 10.15 0.41
15 8 2439.56 88.05 2338.56 70.48 -101.00 8.60 0.40 9.19 0.33
17 9 1296.49 41.98 1322.63 39.19 26.14 11.16 0.45 10.85 0.37
19 10 3734.02 307.33 3542.20 199.24 -191.82 522 0.71 6.42 0.53
21 11 1681.31 49.90 1693.93 47.82 12.62 11.16 0.37 11.08 0.35
23 12 1329.60 47.85 1389.36 45.92 59.76 10.71 0.53 10.30 0.40
25 13 1593.73 46.16 1618.98 44.59 25.25 10.67 0.36 10.50 0.33
27 14 1699.78 58.88 1715.94 55.19 16.16 12.69 0.52 12.62 0.44
29 15 1954.33 83.27 1899.68 65.90 -54.65 9.87 0.58 9.39 0.41
31 16 2068.96 63.02 2093.60 61.85 24.64 8.86 0.30 8.58 0.27
33 17 1645.23 52.06 1640.69 47.02 -4.54 11.04 0.44 11.04 0.38
35 18 1648.84 50.79 1666.89 48.15 18.05 10.91 0.42 10.52 0.35
37 19 1672.71 51.75 1695.28 48.51 22.57 9.93 0.36 9.91 0.32
39 20 1787.08 54.08 1810.59 52.60 23.51 11.00 0.36 11.21 0.35
41 21 1598.36 45.92 1619.44 45.01 21.08 8.78 0.29 8.56 0.27
43 22 1428.80 39.31 1433.41 38.45 4.61 10.90 0.36 10.79 0.34
45 23 1458.16 41.65 1506.37 42.35 48.21 13.07 0.43 13.06 0.41
47 24 1462.62 48.03 1454.46 41.91 -8.16 11.61 0.49 11.43 041

central dose: 1704.80 78.90 1716.90 75.20
Figure S5.102: D determination on sample HDS-1778. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 23).
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turntable  aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
[#] [#] [0-15] [0-45] [0-4s]-[0-15]

1 1 5633.82 224.57 5701.99 220.81 68.17

3 2

5 3 6165.17 292.93 6268.38 270.16 103.21

7 4 5258.52 232.57 5383.84 221.21 125.32

9 5 4957.40 193.27 5092.62 176.20 135.22
11 6 4555.94 218.32 4905.23 183.42 349.29
13 7 6732.82 404.82 7108.30 330.66 375.48
15 8 5633.98 296.34 5850.92 276.97 216.94
17 9 6435.99 259.77 6623.27 266.33 187.28
19 10 6460.18 269.38 6488.72 263.25 28.54
21 11 5028.20 199.89 5291.50 200.79 263.30
23 12 5948.78 271.54 6095.03 146.25
25 13 7234.39 290.32 7133.57 279.53 -100.82
27 14 6153.27 259.09 6459.34 258.61 306.07
29 15 4293.66 249.19 421291 195.22 -80.75
31 16 5033.45 225.20 5251.29 205.16 217.84
33 17 4971.01 596.62 5079.13 419.52 108.12
35 18 5632.52 217.64 5826.09 237.49 193.57
37 19 7385.55 343.65 7487.23 311.13 101.68
39 20 967.45 41.99 1031.84 33.94 64.39
41 21 4439.07 267.43 4431.83 188.55 -7.24
43 22 6086.88 239.62 6171.11 229.78 84.23
45 23 5889.52 385.21 6200.70 333.50 311.18
47 24 6029.54 229.50 6039.63 220.38 10.09

central dose: 5246.70 426.30 5355.20 444.90
no outlier: 5684.50 176.30 5799.40 188.80

Figure S5.103: De determination on sample HDS-1799. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 22,
including outlier at lower end; N = 21, excluding outlier).
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turntable  aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
[#] [#] [0-15] [0-45] [0-45s]-[0-15]

1 1 3936.19 203.65 3960.73 197.31 24.54

3 2 3866.35 165.36 3891.87 155.41 25.52

5 3 3367.19 133.56 3482.94 132.30 115.75

7 4 3538.10 123.94 3593.08 127.65 54.98

9 5 1593.58 145.64 1738.51 113.00 144.93
11 6 3660.80 159.53 3618.97 149.61 -41.83
13 7 2355.50 139.35 2480.86 120.24 125.36
15 8 3983.21 169.80 4081.95 174.64 98.74
17 9 2872.59 134.34 3108.91 128.17 236.32
19 10 2935.79 104.79 2917.38 96.80 -18.41
21 11 3310.05 124.33 3448.84 122.78 138.79
23 12 3973.95 148.52 4037.54 151.39 63.59
25 13 2756.09 94.12 2731.87 85.25 -24.22
27 14 3056.19 113.35 3107.16 111.40 50.97
29 15 3218.21 126.16 3282.57 126.36 64.36
31 16 3487.97 128.79 3541.25 125.64 53.28
33 17 2785.54 101.97 2836.67 97.01 51.13
35 18 4173.69 174.19 4218.41 167.60 44.72
37 19 3897.38 124.58 4033.68 125.80 136.30
39 20 4848.55 156.10 4853.63 156.77 5.08
41 21 3362.35 133.01 3410.98 133.47 48.63
43 22 3716.81 133.50 3764.53 123.12 47.72
45 23 3769.94 171.34 3765.92 159.77 -4.02
47 24 3870.74 167.88 3921.44 157.53 50.70

central dose: 3372.00 143.00 3431.70 141.10

Figure S5.104: D. determination on sample HDS-1800. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 24).
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turntable  aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
[#] [#] [0-15] [0-45] [0-4s]-[0-15]
1 1 2960.88 96.09 3053.04 98.39 92.16
3 2 2653.68 94.52 2679.06 85.44 25.38
5 3 2704.47 131.24 2744.22 113.91 39.75
7 4 3775.62 292.94 3975.57 237.01 199.95
9 5 3132.24 115.03 3226.42 112.55 94.18
11 6 3183.13 115.55 3149.82 103.71 -33.31
13 7 2518.55 215.15 2658.76 142.67 140.21
15 8 recup.>10 % recup. > 10 %
17 9 2855.81 106.37 3036.13 107.78 180.32
19 10 2767.17 107.44 2855.72 107.71 88.55
21 11 1389.51 129.11 1510.40 92.61 120.89
23 12 2804.99 99.92 2806.95 94.96 1.96
25 13 2336.72 73.82 2330.56 65.86 -6.16
27 14 2556.11 137.54 2819.70 125.53 263.59
29 15 3639.81 129.45 3644.97 129.05 5.16
31 16 2795.30 120.12 2866.58 98.63 71.28
33 17 3110.77 142.86 3247.61 121.34 136.84
35 18 3024.33 106.57 3070.58 101.89 46.25
37 19 4530.16 169.49 4410.97 146.57 -119.19
39 20 3691.45 136.47 3771.09 137.19 79.64
41 21 2587.17 104.42 2642.29 92.87 55.12
43 22 n.a. n.a.
45 23 2083.42 199.62 2122.92 125.76 39.50
47 24 2218.57 98.80 2213.74 72.78 -4.83
central dose: 2820.00 134.50 2881.70 135.20

Figure S5.105: De determination on sample HDS-1801. Example of shine down curve and dose
response curve (exponential plus linear fit), and weighted histogram of all analysable aliquots (N = 22).

Investigating the suitability of Ty/T, sensitivity curves as a proxy of varying material

source

Pfaffner et al. (2024) used the IRSL/pIR-BLSL signal ratio (signal detection in the UV around
340 nm) of the minimally prepared Baix samples as a proxy of material source. Here we tested
whether also the course of the luminescence signals during a complete SAR measurement
(here 8 cycles) associated with the normalisation dose (also test dose; T, = test dose signal
following the readout of the natural dose or the laboratory dose in a dose recovery test,
respectively, here SAR cycle 1); Tx = test dose signal induced by the regeneration doses (REG)
during a SAR measurement, here SAR cycles 2-8). The normalised signals (T./T.) are
illustrated in Fig. S5.106a—f (D. determination on natural samples) and Fig. S5.105g (dose
recovery on artificially bleached and dosed sample HDS-1776). All measurements were
carried out applying a 3.900 s dose response curve (313.4 Gy) and NRM 20 % (62.7 Gy).
However, while the T,/T, values of the natural samples lie for the lowermost sample HDS-1779
mainly below 1 they are for the upper samples HDS-1776 to HDS-1778 mainyl above 1, with
those of HDS-1800 and HDS-1801 trending around the balance line. Thus, from bottom to top
of the Baix stratigraphy, the T,/T, curves appear to rise from below 1 to above 1 while
simultaneously expanding from a narrow range around 1 (ca 0.6-1.17) for HDS-1799 to a
wider range (ca 0.8-2.1, with extreme values up to 2.4-2.5) for the upper three samples HDS-
1776 to HDS-1778.
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As compared to the natural sample HDS-1776, the dose recovery test (DRT) on 8 aliquots of
HDS-1776 (Fig. S5.106g) shows a comparable narrow scatter in the range 0.8-1.4. This
compares to sample HDS-1800 (ca 0.7-1.4), which yielded a central dose of 3431.70 + 141.10
S, which is close to LAB 3900 s as administered in the DRT. It is possible that the expansion
of the T«/Tncurves is dependent on the dose (natural palaeodose or laboratory dose) a sample
had received prior to the pIRelR225 SAR measurement. If this is the case, larger primary doses
would lead to T,/T, curves more narrowly stretched around 1, while smaller primary doses

would cause a wider expansion of the T«/T, values, especially above the balance line.

Similarly, the size of the normalisation dose modulates the course of the T/T, curves (Fig.
S5.95a-0; right graph in each case). While smaller NRMs lead to a zigzag appearance larger
NRMs provide T/T, courses stretched narrowly around 1. As the T«/T, values, or de facto the
ratio of the signal strength of a regeneration dose (REG) signal (Lx) compared to Ty, are used
to correct (normalise) the regeneration dose points of a SAR dose response curve, the more
sensitive (zigzagged) courses of Tx/T, lead to a stronger curved SAR curve, while the less
sensitive (zigzagged) courses of T,/T, lead to a more stretched SAR curve (cf. the trend from
Fig. S5.95a—0).

The sensitivity curves show that the course of the T«/T,values are also dependent on the size
of the associated REG, increasing for the curves trending above 1 with larger REGs (e.g. run
2 with the smallest REG to run 6 with the largest REG) and decreasing with a smaller REG (cf.
zero dose of run 7). Around the T«/T, value around the zero dose point this positive trend with
higher REGs and negative trend with smaller REGs is also observed for T«/Tn» curves trending
below the balance line. Therefore, the trend of the T«/T, curves seems to be dependent, among
others, on the degree of refilling of the OSL traps after the previous SAR readouts and/or the
electron redistribution by IRSL readout of the respective amount of refilled electrons due to
artificial dosing (REG). If the latter case applies the ionized electrons associated with NRM
(which is the same for each SAR cycle) may possibly not be able to occupy the OSL traps
which they would search if they had not already been occupied by electrons associated with
the REG dosing or its OSL readout, thus increasing Tx/Th.

Concluding: The different behaviour of the T,/Tn» curves of the lower samples (stretched curves,
narrow data scatter around 1) which possess a dominant component of reworked Eem Bt as
compared to the T./Tn curves of the upper samples (larger expansion of the data values and
curves, especially above the balance line, and increasing expansion in the upward direction)
which possess a strong (and in the upward direction increasing) component of Last Glacial
loess input might at first sight suggest a correlation of T,/T» behaviour and material source.
However, including the results of the DRT and NRM test as well as the response of individual

Tx/Tn values to previous regeneration doses (REGs) and considering the decreasing size of
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the natural palaeodoses with decreasing depth below ground level, the amount of electrons in
the OSL traps might dominantly modulate the course of the T,/T, curves rather than differing
source materials. This finding would conform to the observations of Chen et al. (2013), who
observed differences in the trends of T./T, curves between artificially well bleached and dosed
samples as compared to artificially poorly bleached and dosed samples. The issue needs

further investigation in future studies.

Investigating the suitability of T«/T, sensitivity curves as a proxy of poor bleaching

As Chen et al. (2013) observed different behaviour of Ty/T, sensitivity curves for artificially well
and poorly bleached and subsequently dosed samples, here we investigate whether such
phenome can be observed for the Baix OSL block samples and therefore whether the trend of
the T«/Tn curves may serve as a proxy to indicate poor bleaching of the mineral grains. If one
assumes the aliquots producing a larger D, to having been poorly bleached prior to deposition
and those producing the smaller Des having been well bleached, then one could expect a
correlation such that smaller T,/T, values (and negative trends) would be typical of aliquots
with well bleached grains while aliquots dominated by poorly bleached grains would deliver
larger T\/T, values (and positive trends) (cf. Chen et al. 2013). In Fig. S5.107 we plotted the
De values of each aliquot gained by the SAR measurements (cf. also Fig. S5.100 —S5.105)
against an aliquots mean T./Tn value to illustrate a possible correlation between the two
parameters. Next to the measurements of the natural samples (Fig. S5.107a—f) we also show
the results of the dose recovery test (DRT) on 8 aliquots of sample HDS-1776 (Fig. S5.1079),
which had received a laboratory dose (LAB) of 3900 s (ca 320 Gy), whereas the natural sample
delivered a ca 30 % smaller central dose of 2738.90 + 71.20 s (ca 218.6 Gy). As a result no
convincing correlation is observed between T,/T, and D.. Of the natural samples, only HDS-
1778 shows one large outlier De with an unusually small T«/T, value (cf. also Fig. S5.106a,
Tx/Tn curve (triangles with yellow filling) below the balance line), while the narrow scatter of the
mean T,/T, values of the DRT on sample HDS-1776 may also suggest a tendency of slightly
smaller T,/Tnvalues for larger Des (less well bleached aliquots under the solar simulator?) and
slightly larger T,/T,values for smaller Des (likely better bleached aliquots?). Although it cannot
be excluded that different aliquots were bleached to a slightly different degree under the solar
simulator, the experimental setup of the bleaching procedure does not make that scenario very
likely. Anyway, no distinctly differing T,/T, values and Tx/Tn» curve trends as observed by Chen
et al. (2013) were observed for the Baix samples. Presently we therefore conclude that T«/Tn
cannot be used as a proxy of poor bleaching of a sample at the LPS Baix. The issue needs

further investigation.
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Figure S5.106: T,/T, sensitivity curves over the 8 measured SAR cycles for the six block samples HDS-

1799 to HDS-1801 and HDS-1776 to HDS-1778 in stratigraphical order. (a—f) De determination on 24
natural samples; (g) dose recovery on 8 atrtificially bleached and dosed aliquots (LAB 3900 s; ca 313.4
Gy); (c) 23 analysable of 24 measured aliquots providing a central dose of 2738.9 + 71.2 s (cf. Fig.
S5.99). All samples were measured with a 3.900 s (ca 313.4 Gy) SAR dose response curve with NRM
20 % (780 s; ca 62.7 Gy).
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24 natural samples; (g) dose recovery on 8 artificially bleached and dosed aliquots (LAB 3900 s; ca
313.4 Gy); (c) 23 analysable of 24 measured aliquots providing a central dose of 2738.9 + 71.2 s (cf.
Fig. S5.99). All samples were measured with a 3.900 s (ca 313.4 Gy) SAR dose response curve with
NRM 20 % (780 s; ca 62.7 Gy).

S5.4.3 Report quartz fine grains — pir-BLSL SAR
Instrumentation

Blue light stimulated luminescence (BLSL) single aliquot regeneration (SAR) (Murray and
Wintle, 2001) measurements of quartz fine grains (4-11 pm) were carried out on a
luminescence reader model Risg DA20 (serial no. 245; Kadereit and Kreutzer, 2013),
equipped as depicted in Fig. S5.108.

Luminescence reader: Risp model TL/OSL DA20 (No. 245)
turntable: 48 measurement positions
use every 2" position (or wider spacing) to avoid IR cross talk (ignore)
IR stimulation: bleaching of IR signal from feldspar
IR-LEDs; 3 clusters; 7 LEDs each; 870 A 40 nm
measurements with 90 % diode-power, after 10 s warmup
Blue light stimulation: detection of BLSL,,s signal assumed to originate (mostly) from quartz
blue light emitting diodes; four clusters; 7 LEDs each; 470 A 30 nm
measurements with 90 % diode-power, after 10 s warmup
Detection: bialkali PMT EMI 9235QB15
Detection filter: U340 (Schott; 3 x 2.5 mm thick)
Detected emission: ultra-violet, around 340 nm

B-dose rate: 0.08497 £0.00297  Gy/s 28. June 2021 (start this study)
5.10 £+0.18 Gy/min
0.08309 £0.00291  Gy/s 02. June 2022 (end this study)
5.0+0.2 Gy/min

Nitrogen use: ca. 3 minutes at start of measurement

Figure S5.108: Equipment of the luminescence reader model Risg TL/OSL DA20 used for BLSL SAR
measurements of the quartz fine grains (4—11 pum).

Tests on possible contamination with feldspar

A possible feldspar contamination of the fine grain separates was investigated by applying a
not yet optimized BLSL SAR protocol to aliquots with the natural luminescence signal. While
the regeneration dose points (REG) for constructing the dose response curve were as in
Pfaffner et al. (2024) and as in the plRelR225 protocol for feldspar coarse grains (cf.
supplementary, sect. 5.4.2), preheat 1 was 260 °C and preheat 2 was 160 °C, both for 10 s.
Blue light stimulated luminescence (BLSL) was performed for 40 s at 125 °C. The normalisation
dose (NRM; also “test dose”) was set at 293 s (ca 24.9 Gy), corresponding to ca 7.5 % of the
expected dose of 3900 s (ca 331.4 Gy). Feldspar contamination was investigated with a
repeatedly measured dose point of which the BLSL readout occurred after IR-bleaching (OSL
IR depletion ratio; Duller, 2003).

A first test was performed on polymineral fine grains (no etching with hydrofluoric acid

(H2SiFg)); a second test was performed on material etched for 3 d with H,SiFe. Further tests
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and D. measurements were performed on material etched for 5 d with H.SiFs. The tests on
contamination with feldspar show that the unetched polymineral fine grains possess a
significant amount of feldspar, whereas the fine grains do not possess any significant amount
of feldspar after 3 d of etching (OSL IR depletion ratio <10 %) (Fig. S5.109).
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Figure S5.109: Typical examples of shine down curve, dose response curve (with an exponential plus
linear fit in (b)) and sensitivity. Whereas unetched samples show OSL IR depletion ratios of 0.24-0.35
for the signal of the first two data channels; 0-0.2 s) (a), they are always >0.9 after 3 d of etching with
H2SiF6 (b).

Test on the palaeodose range

The preliminary SAR protocol applied for the test of feldspar contamination was also used for
a test on the range of the equivalent doses (Des) to be expected from the natural samples. For
this test the lower three samples HDS-1799, HDS-1800 and HDS-1801 were measured (2
aliquots each). The D range was for the oldest sample (HDS-1799) ca 4900—7500 s (ca 411—
629 Gy) and for the two younger samples ca 2400-2600 s (ca 201-218 Gy).

Combined preheat and dose recovery tests

A first set of combined preheat and dose recovery tests was performed on sample HDS-1776.
The aliquots were bleached under a solar simulator (type Dr. Honle, SOL 2; 3 h; samples
covered with UVILEX glass filter; sample holders placed on water-cooled copper plate at ca
22 °C) before they received a laboratory dose of 2700 s (ca 226 Gy). The regeneration dose
points were placed at 40 %, 70 %, 100 %, 130 %, 160 %, 0 %, 40 % and 100 % of the expected
dose, corresponding to 1080 s (90.3 Gy), 1890 s (158.1 Gy), 2700 s (225.8 Gy), 3510 s (293.6
Gy), 4320 s (361.3 Gy), 0s (0 Gy; to test for recuperation), 1080 s (90.3 Gy; to test the recycling
ratio of a repeatedly measured dose point) and 2700 s (225.8 Gy; to test the OSL IR depletion
ratio (feldspar contamination) of a dose point which prior to BLSL readout had been read out
with IR-stimulation) (cf. also Fig. S5.109). The normalisation dose was set at 10 % of the
expected dose (270 s; 22.6 Gy). Preheat 1 was increased from 160 °C to 300 °C (TL for 10 s)
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in steps of A 20 °C (8 groups; 6 aliquots each), while preheat 2 was kept at 160 °C (TL for 10
S) in a first test, and equal preheat 1 in a second test. In a third test preheat 2 was A 40 °C
lower than preheat 1. In all tests recycling ratios were around 1 and recuperation <1 % of the
recovered dose. The interval 30.1-40 s (channel 301-400) was used for background
subtraction and the early integrals 0—0.1 s (channel 1-1) and 0-0.4 s (channel 1-4) were used

for De determination.

Feldspar contamination was no issue as tested by the OSL IR depletion ratio, allowing
depletion ratios of 0.9-1.0. With very few exceptions in the aliquot groups with the hottest
preheat, in all tests recycling ratios were >0.9 and <1.1 and recuperation was <1 %. Recycling
ratios are best (around 1) for lower preheat temperatures. No significant differences in De
values were observed between the two different De intervals (Table S5.30). The expected De
was met by most aliquots within a range of + 10 %, with the exception of the aliquot groups
measured with the two hottest preheat temperatures (preheat 1 2280 °C; omitted in the A 40
°C test (see Fig. S5.112)). The expected D was recovered best by a preheat combination 180
°C/180 °C, with a central dose of the respective aliquot group of 2698.70 + 58.30 s (Fig.
S5.111; Table S5.30).

Combined preheat and dose recovery test with preheat 2 equal 160 °C
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(c)
Figure S5.110: Combined preheat and dose recovery test: Laboratory dose 2700 s (225.8 Gy),
normalisation dose 270 s (22.6 Gy). Six aliquots per group. Preheat 1 increasing from 160 °C to 300 °C,
in steps of 20 °C. Preheat 2 always at 160 °C. BLSL readout at 125 °C for 40 s in 400 data channels
(0.1 s per data channel). Dose response curve modelled with exponential plus linear fit. Results for De
interval 0-0.4 s, with late light interval 30.1-40 s. (a) Recovered D. values, (b) recycling ratios, (c)
recuperation.

Combined preheat and dose recovery test with preheat 2 equal preheat 1

Table S5.30: Combined preheat and dose recovery test: Laboratory dose 2700 s (225.8 Gy),
normalisation dose 270 s (22.6 Gy). Six aliquots per group. Preheat 1 and preheat 2 increasing from
160 °C to 300 °C, in steps of 20 °C. BLSL readout at 125 °C for 40 s in 400 data channels (0.1 s per
data channel). Dose response curve modelled with exponential plus linear fit. Results for D interval 0—
0.4 s, with late light interval 30.1-40 s. (a) Recovered De values, (b) recycling ratios, (c) recuperation.
The expected dose was recovered best by a preheat combination 180 °C/180 °C (central dose of aliquot
group 2698.70 + 58.30 s). Data analysis with software Luminescence Analyst (version 4.31.9; Duller
2015).

1 2846.37 151.83 2796.04 150.60
2 2804.58 162.69 2719.81 149.21
3 2865.95 176.15 2886.41 166.39
4 2885.84 165.59 2866.16 163.31
3 3029.68 148.10 2963.18 148.46
6

2787.99 162.03 2911.26 158.87 . . 2858.60

13 2443.75 139.15 2359.09 128.58
14 2388.23 13271 2364.49 129.57
15 2420.47 135.70 2495.72 135.68
2422.27 132.53 2443.04 136.10
2599.11 140.11 2647.35 141.45
2481.88 143.77 2551.41 133.17 2459.50 56.00 2477.40 54.70
2172.72 106.63 2237.79 114.97
2451.80 133.59 2414.73 124.08
2273.98 116.95 2261.82 117.56
2387.17 122.90 2336.01 120.60
2518.64 147.62 2516.97 143.73
2303.78 125.31 2309.43 123.17 2337.60 2339.50 50.30
3270.92 413.81 3271.00 424.74
2018.40 217.57 1879.78 189.13
2163.25 294.89 2043.31 265.49
2595.81 277.24 2510.73 261.66
2440.83 142.30 2484.02 133.65
2756.86 313.62 2642.06 311.88 2493.60 2420.10 159.20
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Figure S5.111: Combined preheat and dose recovery test: Laboratory dose 2700 s (225.8 Gy),
normalisation dose 270 s (22.6 Gy). Six aliquots per group. Preheat 1 and preheat 2 increasing from
160 °C to 300 °C, in steps of 20 °C. BLSL readout at 125 °C for 40 s in 400 data channels (0.1 s per
data channel). Dose response curve modelled with exponential plus linear fit. Results for De interval 0—
0.4 s, with late light interval 30.1-40 s. (a) Recovered De values, (b) recycling ratios, (c) recuperation.
The expected dose was recovered best by a preheat combination 180 °C/180 °C (central dose of aliquot
group 2698.70 = 58.30 s).

Combined preheat and dose recovery test with preheat 2 A 40 °C below preheat 1
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Figure S5.112: Combined preheat and dose recovery test: Laboratory dose 2700 s (225.8 Gy),
normalisation dose 270 s (22.6 Gy). Six aliquots per group. Preheat 1 increasing from 200 °C to 260 °C,
in steps of 20 °C. Preheat 2 A 40 °C lower than preheat 1. BLSL readout at 125 °C for 40 s in 400 data
channels (0.1 s per data channel). Dose response curve modelled with exponential plus linear fit.
Results for De interval 0—0.4 s, with late light interval 30.1-40 s. (a) Recovered De values, (b) recycling
ratios, (c) recuperation.

Dose recovery tests with administered doses of 1600 s and 2400 s

Using the same SAR protocol as for the combined preheat and dose recovery tests and the
best performing preheat combination of 180 °C/180 °C, bleached aliquots of sample HDS-
1776 with laboratory doses (LAB) of 1600 s (133.8 Gy) and 2400 s (200.7 Gy) were subjected
to dose recovery tests (12 aliquots each). For De determination the integral 0-0.4 s (channel
1-4) was used, for late light subtraction the integral 30.1-40 s (channel 301-400). The central
doses of 1678.8 £ 26.3 s and 2487.80 £+ 39.20 s met the expected doses reasonably well. All
aliquots met the expected value within a range of + 10 % and most aliquots met the expected
value within the error range of the De value (Fig.S5.113).
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Figure S5.113: Dose recovery tests on sample HDS-1776: Laboratory doses (a) 1600 s (133.8 Gy) and
(b) 2400 s (200.7 Gy). Normalisation dose 270 s (22.6 Gy). 12 aliquots per test. Preheat 1 and preheat
1 equal 180 °C. BLSL readout at 125 °C for 40 s in 400 data channels (0.1 s per data channel). Dose
response curve modelled with exponential plus linear fit. Results for D¢ interval 0-0.4 s, with late light
interval 30.1-40 s.
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Dose recovery tests with extended dose response curve and laboratory doses of 4000
s and 5000 s

As for the lowermost samples HDS-1799 and HDS-1800 Des of various aliquots were above
the highest regeneration dose point (see Fig. S5.121, Fig. S5.122), the dose response curve
was extended for the SAR D. determination of these two samples. Subsequent to the
measurement as described above, further regeneration dose points were added at 2700 s
(225.8 Gy; repetition of another recycling dose point), 5130 s (429.1 Gy), 5940 s (496.8 Gy), 0
s (0 Gy) and 2700 s (225.8 Gy) (see Fig. S5.116). Therefore two further dose recovery tests
were carried out on bleached and dosed aliquots of sample HDS-1776 with 4000 s (334.6 Gy)
and 5000 s (418.2 Gy). 10 aliquots were measured for LAB 4000 s and 12 aliquots for LAB
5000. In addition, another 10 aliquots were measured for LAB 4000 with a hotbleach (40 s
BLSL at 280 °C) at the end of each SAR subcycle.

As a result the dose recovery tests without hotbleach underestimate the expected doses with
an increasing trend towards larger Des, i.e. 12.6 % for 4000 s (central dose 3496.30 = 63.70 s)
and 15.8 % for 5000 s (4208.20 + 66.80 s) (Fig. S5.114a, Fig. S5.114b). As the two lowermost
samples HDS-1799 and HDS-1800 gave central doses of 4956.5 £ 88.4 Gy and 4130.3 + 45.8
Gy (De integral 0—4 s; see Fig. S5.121, Fig. S5.122), it is possible that the palaeodose of the
second lowest sample was underestimated by ca 16 % and that of the lowermost sample by

>16 %, if the trend of increasing underestimation increases with increasing De.

Including a hotbleach reduces the recuperation to (almost) zero, but significantly worsens the
measurement results (Fig. S5.115c¢). Only 6 of 10 measured aliquots are analysable, which
show a wide scatter of recovered Des between ca 3021 s and 10638 s, the latter value way
beyond the largest regeneration dose point (REG). Two aliquots give indefinitely large Des, i.e.
above an unusually strongly curved and early saturating dose response curve. Therefore, a

hotbleach does not help to avoid slight De underestimation of larger Des.
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Figure S5.114: Dose recovery tests on sample HDS-1776: Laboratory doses (a) 4000 s (334.6 Gy) and
(b) 5000 s (418.2 Gy). (c) Like (a), but including a hotbleach of 40 s BLSL at 280 °C at the end of each
SAR subcycle. Normalisation dose 270 s (22.6 Gy). Extended dose response curve. 12 aliquots per
test. Preheat 1 and preheat 1 equal 180 °C. BLSL readout at 125 °C for 40 s in 400 data channels (0.1
s per data channel). Dose response curve modelled with exponential plus linear fit. Results for D¢ interval
0-0.4 s, with late light interval 30.1-40 s.

Normalisation dose test

Finally, another dose recovery test with a laboratory dose of 2700 s (225.8 Gy) and a preheat
combination of 180 °C/180 °C was performed using the not extended dose response curve. In
this test the size of the normalisation dose was varied from 7.5 % (203 s; 17.0 Gy) to 10 %
(270 s; 22.6 Gy), 20 % (540 s; 45.2 Gy) and 30 % (810 s; 67.7 Gy) of the expected dose. All
Des Were recovered within an error range of 10 % of LAB (Fig. S5.115). Nevertheless, the
recovered central doses show a slight trend towards lower Des with increasing NRM giving
2720.70 £ 62.80 s and 2732.10 + 62.00 s for the aliquot groups which had received 7.5 % and
10 % of LAB, respectively, and 2687.60 + 58.50 s for NRM 20 % of LAB and 2641.20 + 57.20
s for NRM 30 % of LAB. Anyway, modulating the normalisation dose would not help to improve

the results of the underestimated recovered large Des (4000 s, 5000 s).
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Figure S5.115: Dose recovery tests on sample HDS-1776 with a laboratory dose of 2700 s (225.8 Gy),
a preheat combination of 180 °C/180 °C and normalisation doses of 7.5 % (203 s; 17.0 Gy; aliquot 1—
6), 10 % (270 s; 22.6 Gy; aliquot 7-12), 20 % (540 s; 45.2 Gy; aliquot 13-18) and 30 % (810 s; 67.7 Gy;
aliquot 19-24) of the expected dose. BLSL readout at 125 °C for 40 s in 400 data channels (0.1 s per
data channel). Dose response curve modelled with exponential plus linear fit. Results for D¢ interval 0—
0.4 s, with late light interval 30.1-40 s.

SAR protocol

Based on the sequence of pretests (De range, preheat temperature, normalisation dose) the
BLSL SAR protocol for quartz fine grains (4-11 um) was adapted as illustrated in Fig. S5.116.

1 Preheatfor 10 s at 180 °C Start on natural OSL-signal
—> 2 IR-stimulation for 40 s at 125 °C")
3 BL-stimulation for 40 s at 125 °C

Give B-test dose (270 5)2’
5 Preheatfor 10 s at 180 °C Test dose subcycle
6  BL-stimulation for 40 s at 125 °C

7  Give regeneration dose Start on regenerated OSL signals
3343 (1080's, 1890's, 2700's, 3510’5, 4320’5, 0's”, 1080 5%, 2700s”))
36)40) (1080’5, 1890's, 2700's, 3510's, 43205, 05, 1080 s, 2700 s”, 5130's, 59405, 05, 2700 s”)

Repeat steps 1 - 7 until all regeneration doses are administered and OSL signals read out

B only last run; to determine IR OSL depletion ratio
& corresponding to 22.6 Gy
3a) corresponding to: 90.3 Gy, 158.1 Gy, 225.8 Gy, 293.6 Gy, 361.3 Gy, 0 Gy, 90.3 Gy, 225.8 Gy (23.02.2022)
(samples HDS-1776 to HDS-1778, HDS-1801)
) corresponding to: 90.3 Gy, 158.1 Gy, 225.8 Gy, 293.6 Gy, 361.3 Gy, 0 Gy, 90.3 Gy, 225.8 Gy,
429.1 Gy, 496.8 Gy, 0 Gy, 225.8 Gy (23.02.2022) (samples HDS-1799, HDS-1800)
4 samples HDS-1776 to HDS-1778 and HDS-1801
*) samples HDS-1799 and HDS-1800
s recuperation
8 recycling ratio
IR OSL depletion ratio

Figure S5.116: Schematic representation of the BLSL125s SAR protocol adapted to quartz fine grain
separates (4—11 pum) of the LPS Baix.
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De determination

The De determination occurred with the software Analyst (version 4.31.09; Duller, 2015)
applying the parameters of data analysis as depicted in Fig. S5.117.

Software: Luminescence Analyst, version 4.31.9 (Duller 2015)

Curve fitting: Exponential plus linear fit

Integral [channel]: 1-4(0-0.45)
Background [channel]: 301-400 (30.1-405s)
Use recycled points for fitting: Yes

Measurement error [%] 1.5

Incorporate error on curve fitting: Yes

Recycling ratio limit [%]: 10

Maximum test dose error [%]: 10

Maximum recuperation [% of N]: 5
Tn signal > 3 sigma above background: Yes
Maximum IR OSL depletion ratio [%]: 10

Figure S5.117: Parameters of the De determination.

SAR measurements

Results of the De determination for samples HDS-1776 to HDS-1779 and HDS-1799 to HDS-
1801 are given in Fig. S5.118 to Fig. S5.123. 24 aliquots were measured per sample. De
determination occurred for the De integral 0—0.1 s and 0-0.4 s, respectively, to investigate if
the samples show insufficient bleaching, but no systematic differences were observed. While
23 aliquots of sample HDS-1777 and 22 aliquots of sample HDS-1799 were analysable, all
aliquots of the other samples were analysable. IRSL signals as emitted by feldspar are no
issue (only 2 aliquots, one of sample HDS-1777 and one of sample HDS-1779, did not pass
the OSL IR depletion test). It is interesting to note that OSL IR depletion ratio may also help
eliminate aliquots with a comparably strong mica (muscovite) luminescence signal (Antohi-
Trandafir et al. 2018), an issue relevant for samples rich in non-eliminable mica (see below,

SEM-EDX measurements).
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turntable  aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
# # [0-0.15] [0-0.45] [0-0.45]-[0-0.15]
1 1 3615.03 192.29 3716.65 176.79 101.62
2 2 3614.51 191.59 3590.48 183.23 -24.03
3 3 3796.90 211.58 3868.42 191.75 71.52
4 4 3868.22 205.48 3822.60 191.11 -45.62
5 5 3860.47 239.52 3909.41 219.31 48.94
6 6 3539.42 198.03 3633.44 188.99 94.02
7 7 3818.35 187.18 3765.23 189.66 -53.12
8 8 3661.78 200.58 3680.56 192.64 18.78
9 9 3649.30 192.82 3708.96 180.20 59.66
10 10 3700.02 171.21 3734.71 166.75 34.69
11 11 3612.68 201.60 3615.23 188.49 2.55
12 12 3691.75 204.48 3669.61 173.22 -22.14
13 13 3824.30 194.18 3850.46 199.46 26.16
14 14 3437.90 189.76 3470.79 181.83 32.89
15 15 3388.82 175.29 3552.42 182.61 163.60
16 16 3507.90 190.94 3562.44 181.42 54.54
17 17 3388.95 185.97 3521.36 183.92 132.41
18 18 3730.03 200.44 3632.53 187.96 -97.50
19 19 3444.39 169.60 3466.34 168.13 21.95
20 20 3316.19 182.76 3447.05 180.72 130.86
21 21 3423.50 223.68 3485.61 199.25 62.11
22 22 3616.70 201.81 3452.66 186.23 -164.04
23 23 3393.81 182.82 3390.35 175.49 -3.46
24 24 3308.28 205.00 3362.90 173.26 54.62
central dose: 3594.20 39.70 3622.10 37.70

Figure S5.118: D determination on sample HDS-1776. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 24 for De
interval 0-0.4 s). No systematic difference for Des determined for the two different De intervals 0-0.1 s
and 0-0.4 s, respectively.

HDS-1777
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Diff long vs. short De interval
[s irradiation time]
[0-0.45]-[0-0.15]

1 2875.82 159.30 -4.03
2 2955.62 145.71 -93.37
3 3168.38 169.61 74.52
4 3133.90 183.30 -52.10
5 3018.03 167.43 107.97
6 2590.12 134.67 -196.09
7 2956.21 163.07 77.01
8 3170.86 157.13 57.54
9 2904.67 166.12 -90.19
10 3000.51 157.11 -44.13
11 3049.52 155.88 198.22
12 3242.60 199.76 112.00
13 2896.73 164.91 -126.81
14 3017.78 155.13 69.36
15 3160.45 162.57 -52.72
16 3065.37 157.53 50.54
17 2842.95 156.51 6.48

=
00

3081.58
3059.35

=
©

3040.52

2698.89 145.08 -119.23
2959.24 157.29 -33.38
2726.98 141.23 -144.98

centraldose:| | 299340 3600  2976.70 34.10

Figure S5.119: D, determination on sample HDS-1777. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 23 for De
interval 0—0.4 s). No systematic difference for Des determined for the two different De intervals 0-0.1 s
and 0-0.4 s, respectively.
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turntable aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
# # [0-0.15] [0-0.45] [0-0.45]-[0-0.15]
1 1 2019.50 132.86 2085.60 122.19 66.10
2 2 2231.57 154.29 2064.63 124.43 -166.94
3 3 2287.66 164.27 2178.92 136.40 -108.74
4 4 2181.98 147.78 2219.94 132.57 37.96
5 5 2075.24 139.37 2069.14 121.15 -6.10
6 6 2193.66 146.45 1989.28 125.30 -204.38
7 7 2100.83 136.51 2198.72 129.26 97.89
8 8 1976.11 149.40 2016.52 128.04 40.41
9 9 1982.62 146.92 2106.05 126.40 123.43
10 10 2169.99 154.09 2208.68 135.00 38.69
11 11 2176.75 136.49 2103.38 125.03 -73.37
12 12 1838.49 130.48 1806.84 113.28 -31.65
13 13 2021.90 134.29 2006.22 118.35 -15.68
14 14 1930.56 133.24 2110.68 126.54 180.12
15 15 2044.24 140.50 2094.17 127.35 49.93
16 16 1955.54 142.88 2140.81 131.99 185.27
17 17 2124.05 142.87 2182.47 129.35 58.42
18 18 2030.73 134.59 2033.75 122.38 3.02
19 19 1868.34 124.69 1943.57 112.84 75.23
20 20 2024.43 133.84 2092.87 125.04 68.44
21 21 2105.98 136.09 2167.57 130.24 61.59
22 22 2114.80 144.72 2151.86 132.94 37.06
23 23 2148.92 139.87 2086.19 124.59 -62.73
24 24 2276.09 144.14 2251.33 128.49 -24.76
central dose: 2078.60 28.80 2095.40 25.70

Figure S5.120: D determination on sample HDS-1778. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 24 for De
interval 0—0.4 s). No systematic difference for Des determined for the two different De intervals 0-0.1 s
and 0-0.4 s, respectively.
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turntable aliquot determined dose determined dose Diff long vs. short De interval
position [s irradiation time] [s irradiation time] [s irradiation time]
[#] [#] [0-0.15] [0-0.45] [0-0.45]-[0-0.15]
1 1 5194.83 369.96 4946.84 277.24 -247.99
2 2 5937.04 406.23 5718.64 310.01 -218.40
3 3 4778.75 358.95 4852.58 274.37 73.83
4 4 4679.28 350.45 4797.61 250.39 118.33
5 5 3609.41 245.50 n.a. n.a.
6 6 4793.88 354.18 5423.79 295.44 629.91
7 7 5244.07 380.90 5046.08 262.48 -197.99
8 8 n.a. n.a. 4163.90 257.84
9 9 4508.19 292.41 4713.94 271.65 205.75
10 10 4781.87 338.09 4947.00 262.95 165.13
11 11 n.a. n.a. 4734.36 280.06
12 12 4502.34 335.60 4340.64 246.44 -161.70
13 13 n.a. n.a. 4362.46 228.50
14 14 4634.57 355.08 4628.17 243.15 -6.40
15 15 4684.02 401.73 4760.16 275.27 76.14
16 16 4662.18 274.38 4598.06 227.85 -64.12
17 17 5473.43 340,04 MR
18 18 5964.15 484.60 5367.97 284.95 -596.18
19 19 5678.82 334.95 5597.03 290.18 -81.79
20 20 5089.16 339.47 5261.13 269.54 171.97
21 21 5030.60 334.70 5566.26 291.82 535.66
22 22 4795.37 348.84 4990.87 284.24 195.50
23 23 5357.58 346.71 5345.23 262.28 -12.35
24 24 5387.19 452.96 5074.63 306.11 -312.56
central dose: 4961.90 120.60 4956.50 88.40
IRSL
RecRat

Figure S5.121: De determination on sample HDS-1799. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 22 for De
interval 0—0.4 s). No systematic difference for Des determined for the two different D¢ intervals 0-0.1 s
and 0-0.4 s, respectively. Please note that dose recovery tests suggest that doses 25000 s (ca 418 Gy)
may underestimate the true value by 216 %.
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turntable aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
# # [0-0.15] [0-0.45] [0-0.45]-[0-0.15]
1 1 4206.64 215.79 4143.76 218.97 -62.88
2 2 4062.86 224.63 3908.06 221.50 -154.80
3 3 4332.60 235.92 4345.01 236.25 12.41
4 4 3986.52 210.76 3979.48 214.46 -7.04
5 5 3887.98 232.53 3872.80 232.55 -15.18
6 6 4289.28 233.04 4264.50 230.92 -24.78
7 7 4392.61 246.90 4320.36 236.56 -72.25
8 8 4031.48 222.49 4138.01 222.66 106.53
9 9 3926.39 218.99 3840.49 211.61 -85.90
10 10 4003.65 232.68 4103.96 228.33 100.31
11 11 4205.09 223.57 4233.46 225.78 28.37
12 12 4238.19 231.80 4294.13 234.91 55.94
13 13 4142.11 219.93 4126.13 220.82 -15.98
14 14 3966.92 220.11 4063.48 223.08 96.56
15 15 3968.06 221.37 3999.16 219.91 31.10
16 16 4167.06 237.60 414421 229.63 -22.85
17 17 4314.82 232.54 4362.90 237.14 48.08
18 18 4260.31 235.84 4235.72 230.17 -24.59
19 19 4061.07 220.87 4002.61 213.93 -58.46
20 20 4194.84 226.48 4111.56 216.92 -83.28
21 21 4262.86 234.22 4294.33 232.23 31.47
22 22 4128.39 210.76 4253.96 220.03 125.57
23 23 4165.53 222.85 4188.21 224.84 22.68
24 24 3868.47 206.15 3890.60 207.90 22.13
central dose: 4127.50 46.00 4130.30 45.80

Figure S5.122: D determination on sample HDS-1800. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 24 for De
interval 0-0.4 s). No systematic difference for Des determined for the two different De intervals 0-0.1 s
and 0-0.4 s, respectively. Please note that dose recovery tests suggest that Des of ca. 4000 s (ca 335
Gy) may underestimate the true value by ca 13-16 %.
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turntable aliquot determined dose determined dose Diff long vs. short De interval

position [s irradiation time] [s irradiation time] [s irradiation time]
# # [0-0.15] [0-0.45] [0-0.45]-[0-0.15]
1 1 3909.01 190.39 4058.22 195.72 149.21
2 2 4191.74 206.30 3992.15 187.18 -199.59
3 3 3894.55 193.09 3933.26 182.47 38.71
4 4 3471.75 164.14 3453.30 148.71 -18.45
5 5 4100.64 204.19 4138.31 197.32 37.67
6 6 3990.51 190.63 4060.79 186.07 70.28
7 7 4086.86 209.72 4083.00 188.76 -3.86
8 8 4253.68 213.78 4122.70 183.15 -130.98
9 9 3855.82 175.99 3922.01 170.60 66.19
10 10 4366.32 210.51 4192.91 186.61 -173.41
11 11 4271.69 202.39 4064.39 174.81 -207.30
12 12 4191.69 188.00 4063.14 179.05 -128.55
13 13 3909.04 222.94 3930.54 187.51 21.50
14 14 3789.15 180.12 3990.46 178.55 201.31
15 15 3962.38 167.35 3988.20 165.47 25.82
16 16 4137.28 204.04 4117.04 193.52 -20.24
17 17 3875.72 183.15 3854.13 168.09 -21.59
18 18 3994.01 177.71 4028.78 173.07 34.77
19 19 3576.16 172.71 3833.64 180.07 257.48
20 20 3828.31 184.30 3919.06 180.41 90.75
21 21 3691.92 175.07 3746.25 161.31 54.33
22 22 3715.82 179.91 3685.41 161.84 -30.41
23 23 3990.07 198.45 3858.43 178.80 -131.64
24 24 3881.58 166.01 3855.27 168.69 -26.31
central dose: 3947.90 44.30 3946.30 36.20

Figure S5.123: De determination on sample HDS-1801. Example of shine down curve, dose response
curve with an exponential plus linear fit and weighted histogram of all analysable aliquots (N = 24 for De
interval 0—0.4 s). No systematic difference for Des determined for the two different De intervals 0-0.1 s
and 0-0.4 s, respectively.

Additional tests on the quartz fine grains

As the apparent age overestimations of the BLSL SAR dating on the quartz fine grains of the
six Baix OSL-samples was surprising we performed additional tests on the quartz extracts to
investigate whether any unwanted luminescence signals may have intervened with the BLSL
guartz signal used for dating. Therefore we investigated whether: unwanted fluorides had
formed during the sample preparation; feldspar was not efficiently eliminated; and/or whether
there is any indication of a latent unbleached “geologic” luminescence component present in
the quartz fine grain fraction that was not reset during the last sediment reworking but may
have been (partially) read out by the here applied BLSL SAR procedure. Such a palaeodose
in saturation of a mineral grain could possibly arise from quartz grains from the in situ
Cretaceous bedrock if the mineral grains had been incorporated into hillwash processes but

were not (significantly) bleached during the sediment reworking.
SEM-EDX measurements

Both, polymineral and quartz fine grains of the six Baix OSL-samples were subjected to

scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analyses at the

Department of Geosciences of the University of Heidelberg (team Prof. Dr. Lucie Tajcmanova,

Dr. Sebastian Cionoiu). The measurements were performed on powder samples coated with

carbon on a JEOL FEG-SEM JSM-IT800. The EDS-detector used is an Oxford Instruments
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Ultim Max 100 mm?2. SEM and EDX measurements and data analyses were kindly performed
by Dr. Alexander Varychev and Dr. Hans-Peter Meyer. Of each OSL sample one polymineral
and one quartz fine grain aliquot were investigated. For each aliquot 15 (HDS-1776, quartz
fine grains) to 32 element analyses (HDS-1800, polymineral fine grains) were performed at
spots each representing a well delimitable mineral grain on the scanning electron micrographs.
The analyses showed (Fig. S5.124) that fluorides that might have formed and not been
efficiently eliminated during the sample preparation and therefore might have emitted an
unwanted luminescence signal during the SAR BLSL dating measurements was no issue.
Fluor was detected only once, in a polymineral fine grain extract (HDS-1801), where it
accounted for 1.3 wt % of all detected elements in the investigated mineral grain, likely a
hornblende. Feldspar that was present in the polymineral fine grains (both potassium and
sodium feldspars; potassium feldspar with 12.6 — 14.8 wt % K) was also no issue for the quartz
fine grains. However, next to accessory minerals rich in Ti (mostly identified as rutile or
titaniferous magnetite), Fe- (titaniferous magnetite; hornblende; iron oxides, in connection with
nodular shapes likely products of the in situ soil forming processes under hydromorphic
conditions) and Mg (mostly in hornblende) the polymineral fine grains contained plenty of
micas, which were present also after etching in fluorosilicic acid in the quartz separates. Unlike
other minerals which were in the expected grain size range (4-11 um) the micas often
exceeded the presumed upper grain size limit. This observation is not surprising, as the foliated
crystal structure of the micas makes them settle during the gravitational grain-size separation
in water much more slowly than a more roundish mineral grain of equal mass density.
Summarising, the SEM and EDX analyses do not reveal any shortcomings of the sample

preparation which could possibly explain the age overestimation of the quartz fine grains.

Polymineral fine grains
SEM micrograph

EDX element analysis

Quartz fine grains
SEM micrograph

EDX element analysis
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Figure S5.124: Exemplary results of the scanning electron microscope (SEM)analyses (a—f, m—r) and

the energy dispersive X-ray (EDX) analyses (g—I, s—x) of the polymineral fine grains (left two columns)
and the quartz fine grains (right two columns).

TL up to 500 °C

It is not possible to extract mica-free quartz extracts from mica-containing sediments with

standard laboratory procedures (Antohi-Trandafir et al. 2018), at best they can be reduced,
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e.g., by soaking and rinsing mica-contaminated quartz separates with certain detergents
(Kortekaas and Murray, 2005). Antoni-Trandafir et al. (2018) observed in the mica (muscovite)
samples investigated by them a broad TL-peak around 200 °C (ramp 5 °C; UV detection filter
U-340, Hoya). Therefore, we measured TL up to 500 °C (ramp 2 °C) of five of the Baix samples
with prepared aliquots at hand (one aliquot each) using the SAR BLSL detection filter utilized
for the dating of the quartz fine grains (U-340, Hoya, 3 x 2.5 mm) to investigate if the TL curves
could give any indication of a luminescence signal contribution in the UV detection band. We
measured both a sample’s natural signal and subsequently, from the same aliquot, twice
(repetitive) a regenerated signal after applying a laboratory dose of the size of the expected
dose (cf. Fig. S5.112; dose recovery test with 2700 s irradiation time; ca 225.8 Gy; ca half of
the size of the laboratory dose applied by Antohi-Trandafir et al. (2018)). Two measurements
were performed, one without (Fig. S5.125; for better comparison with Antohi-Trandafir et al.
(2018)) and one with background subtraction (Fig. S5.126; to eliminate any potential influence
on the shape of the TL curve by black-body radiation), using for the latter the automated
subtraction routine of the Risg TL/OSL sequence editor, v. 4.36. As we used a smaller ramp
than Antoni-Trandafir et al. (2018) a luminescence signal from micas that could possibly
interfere with the signal from quartz during the BLSL SAR dating measurements should be
indicated by a broad peak somewhat below 200 °C. The results of our TL-measurements, not
for the natural but only for the regenerated signal, show a peak around ca. 190 °C, which could
possibly conform to the TL peak as identified by Antohi-Trandafir et al. (2018) for micas.
However, Antohi-Trandafir et al. (2018) also showed that — if muscovite exhibited above
negligible IRSL and/or BLSL response (after all, three out of five of their samples did not) — the
OSL IR depletion ratio test with a threshold value <0.9 as also applied in the present study
reliably rejects mica-contaminated aliquots not suitable for De determination. Anyway,
unwanted OSL IR depletion ratios were not a major issue and relevant only for single aliquots
of samples HDS-1777 and HDS-1779 (cf. Figs. S5.119 and S5.121). The TL-curves show
another peak at ca. 300 — 310 °C — likely the 325 °C quartz peak at a higher temperature ramp
— which is regarded as the OSL sensitive quartz peak as sampled for BLSL SAR
measurements like in the present study. In addition to that the natural TL curve of three
samples (HDS-1779 to HDS-1801; Fig. S5.125b) possess a high temperature peak around ca
400 °C ca 4-5 times the size of the regenerated 325 °C peak. Schmidt and Woda (2018)
observed a peak around ca. 420 °C in the blue detection window when measuring TL of a
guarzitic sandstone sample (BT1629) from Venezuela with a “geologic” dose (Precambrian
age; ca 1.5 Ga). Like in the Baix samples the high temperature peak was present only in the
natural and not in the regenerated TL curves. It is possible, that in the Baix samples the tail of
a blue TL peak was observed in the UV detection window. Anyway, the observation of a high

temperature TL peak in the natural samples may support the assumption that not properly
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bleached material with a “geological dose has been incorporated into the Baix loess deposits,

likely during slope wash processes.
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Figure S5.125: Samples HDS-1777 to HDS-1781, one aliquot each. TL-curves up to 500 °C, heating
rate 2 °C/s. Left column (a, c, e, g, i) without background subtraction. Right column (b, d, f, h, j) without
background subtraction. (a, b) Natural luminescence. (c, d) post-TL beta-dose signal. (e, f) Like (c, d),
enlarged viewing. (g, h) Like (c, d) but measured after (c, d) (repeated measurement). (i, j) Like (g, h),
enlarged viewing. Beta irradiation 2700 s (ca 225.8 Gy). (b) The natural signal of the first aliquot
measured with background subtraction shows a slight 110 °C peak (here ca 85 °C) due to cross talk
next to a position with 2700 s beta irradiation. (a, b) The aliquots with the natural signal do not exhibit a
TL peak around 200 °C. (c, d) (g, h) In the presence of the 110 °C peak all other peaks are markedly
subdued. (e, f) (i, j) The enlarged viewings of the artificially irradiated aliquots show a narrow peak
around ca 190 °C which could possibly conform to the typical broad mica peak as identified by Antohi-
Trandafir et al. (2018). Please note that different aliquots were measure without (a, ¢, e, g, i) and with
(b, d, f, h, j) background subtraction, as the measurements on each aliquot started with the TL readout
of the natural signal, followed by two regenerated signals (2700 s, 225.8 Gy).

Linearly modulated (LM) OSL measurements

In a further test, one aliquot of each of the samples HDS-1777 to HDS-1781 was measured in
the linearly modulated (LM) OSL mode (Singarayer and Bailey, 2003) to investigate whether
the samples are possibly dominated by a hard to bleach medium and/or slow component,
which could possibly explain age overestimation of the quartz fine grains. We measured both,
the natural signal and a regenerated signal of the size of the expected palaeodose (2700 s
beta irradiation, ca 225.8 Gy). LM BLSL readout in the UV detection window (Hoya, U340, 3 x
2.5 mm) was performed for 4000 s (4000 data channels, 1 s per data channel) at 125 °C, like
for the dating measurements after a preheat of 10 s at 180 °C and with a LED power of 90 %,
estimated to result in 80 mW/cm? at the sample position. In addition, the aliquots’ IR OSL
depletion ratio was determined by repeatedly measuring the BLSL signal at 125 °C for 40 s
and comparing the signals without previous IR bleach with the signal with IR bleach (40 s at
125 °C) prior to BLSL readout. As a result, the values were all within the acceptable range 0.9—
1 (minimum 0.94 + 0.03: HDS-1779; maximum 0.98 + 0.03: HDS-1777). The natural and
regenerated LM-OSL curves conform well with each other (Fig. S5.126). Following Bulur
(1996), a nonlinear least squares fit for the LM-OSL curves was performed with the function
Jfit_LMCurve()* (Kreutzer et al. 2022) of the R Luminescence package, version 0.9.18
(Kreutzer et al. 2022). The LM-OSL curves were best modelled with four components (Fig.
S5.1264a) or five components (Fig.S5.127b). While for sample HDS-1779, dominated by a slow
component, no fit could be applied, the LM-curves of the other samples each possess a first
component with cross sections in the range ca 10'’ cmz2, which may be regarded as a fast
component. Thus, the analyses of the LM-OSL curves do not give an indication that the quartz
fine-grain separates from the Baix samples may exhibit hard to bleach slower components

which could possibly explain the age overestimation by the SAR BLSL dating.
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Figure S5.127: Four-component analyses of the natural LM-OSL curve of sample (a) HDS-1777 with a
dominant fast component and (b) HDS-1778, the modelled photoionization cross section of the first
component does not qualify as a fast component.

High background signal of hotbleach (BLSL at 280 °C)

A dose recovery test which included a hotbleach at the end of each SAR cycle of 40 s BLSL
at 280 °C (cf. Fig. S5.114c) showed an unusually high background luminescence of several
102 to few 102 counts per 0.1 s readout time. Therefore, we investigated whether this was the
result of the comparably low preheat temperature of 180 °C. For this test we used the five
aliquots previously utilized for the LM test (HDS-1777 to HDS-1801, one aliquot each). The
aliquots were subjected to SAR cycles for which they received always the same laboratory
dose of 2700 s (225.8 Gy), and each SAR cycle was finalised with a respective hotbleach. For
the test sequence the preheat temperature was increased from 160 °C to 280 °C in steps of A
20 °C. The preheat duration was always 10 s. The results, presented in Fig. S5.128, show that
the preheat temperature has only a marginal influence on the size of the background signal.
An initial BLSL curve is not present in any of the hotbleach measurements following the usual
SAR BLSL readout at 125 °C. We also tested whether the background signals of hotbleaches
without previous BLSL readouts at 125 °C change with varying preheat temperatures (duration
always 10 s), but found hardly any effect either (Fig. S5.129). Only the initial BLSL signal of
the shine down decreases with increasing preheat temperature. Finally we extended the
preheat duration to 240 s, testing only preheat temperatures of 160 °C and 280 °C (Fig.
S5.129). While the hotbleach measurement following a 160 °C preheat shows a BLSL shine
down curve with a reduced initial signal, the hotbleach following a 280 °C preheat revealed
only a background signal. Again, the pretreatment did not have any marked effect on the size
of the background signal. Summarising, the unusually large level of the hotbleach background
signal is not a result of the samples pretreatment, but rather an intrinsic feature of the Baix
samples. Whether the presence of mica in the quartz separates is the reason for the unusually
large level is beyond the scope of the present study, as it is not possible to extract pure mica

from the fine grains.
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BLSL readout time at 280 °C
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Figure S5.128: Samples HDS-1777 to HDS-1781, one aliquot each. Hotbleach measurements (40 s
BLSL at 280 °C) following an ordinary SAR regeneration cycle: irradiation 2700 s (225.8 Gy); preheat
(here increased from 160 °C to 280 °C, by A 20 °C); 40 s BLSL at 125 °C; normalisation dose (270 s,
22.6 Gy); 40 s BLSL at 125 °C. The duration of the preheat is always 10 s. Hardly any effect of the
preheat temperature on the size of the hotbleach background signal. Used aliquots previously utilized

for the LM test (Fig. S5.126).
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Figure S5.129: Samples HDS-1777 to HDS-1781, one aliquot each. Hotbleach measurements (40 s
BLSL at 280 °C) following sample irradiation (2700 s, 225.8 Gy) and preheat (here increased from 160
°C to 280 °C, by A 20 °C). The duration of the preheat is always 10 s. Hardly any effect of the preheat
temperature on the size of the hotbleach background signal. Used aliquots previously utilized for the LM

test (Fig. S5.126) and the previous hotbleach test (Fig. S5.128).
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Figure S5.130: Samples HDS-1777 to HDS-1781, one aliquot each. Hotbleach measurements (40 s
BLSL at 280 °C) following sample irradiation (2700 s, 225.8 Gy) and preheat, (a) 160 °C and (b) 280
°C. The duration of the preheat is always 240 s. Hardly any effect of the preheat temperature on the
size of the hotbleach background signal. Used aliquots previously utilized for the LM test (Fig. S5.126)
and the previous hotbleach tests (Fig. S5.128, S5.129).
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Figure S5.131: Timeline of Loess- palaeosol sequences (LPS) Baix and Collias. Feldspar coarse grain ages (black squares with error margins) and potential soil
formation phases at the LPS Baix (top) reflected against: Quartz coarse grain ages (black triangles with error margins) and potential soil formation phases at the
LPS Collias (Bosq et al. 2020b), terrestrial interstadials at La Grande Pile (Helmens, 2013; Wohlfahrt, 2013), marine isotope stages (MIS) (Lisiecki and Raymo
2005), Heinrich events (Allard et al. 2021) and the Greenland-ice-core based INTIMATE event stratigraphy (Rasmussen et al. 2014) with Greenland interstadials

(Gl) and Greenland stadials (GS).
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Table A5.31: Dose rate data for the pIR12sBLSL125-protocol for Feldspar coarse grains, polymineral fine grains and Quartz fine grains.

Lab.-
No.

HDS-
78

M P =main profile

Field
code

OSL-8

OSL-7

OSL-6

OSL-3

OSL-2

OSL-1

OSL-1

OSL-1

OSL-1

collecti
on Soil horizon
[cm] [FAO code]
2BCk2 (=2
BCk2to 3
580-595 BCk3MP)
3BCk3(=3
BCk3to 4
680-705 BCk/BWMP)
785- 5Bw2 (=5Bk2
810/855cm MP

1055 - 1070 5BCk5
1160- 1175 6BCk/Btg
1325-1335 7Btl
1325-1335 7Btl
1325-1335 7Btl

1325-1335 7Btl

All sample depths b.g.l., as prc

Uranium, thorium and potassium contents as dr
a-values for quartz following Lai et al. (2008) and for pIR-IR feldspar and polymineral measurements following Kreutzer et al. (2014) while assuming that alpt

Water content as assumed (cf. Sauer et al. 2013

Uranium
[ng/g]

3040 +0,310
3290  +0,290
2,850  +0,270
2,020  +0,280
2370  +0,270
2,430 | +0,340
2,430 | +0,340
2,430 | +0,340
2430  +0,340

Thorium

[ng/g]

9,300

1,100

8,630

122,300
122,890
10,400
10,400
10,400

10,400

+1100

+0,980

+0,910

+1000

+0,930

+1200

+1200

+1200

+1200

Potassium
[w.-%]

1337  £0,047
1655  +0,049
17 +0,046
1443  +0,047
1528  +0,048
1647 +0,049
1647 +0,049
1647 +0,049
1647  £0,049

Cosmic dose a-value
Quartz

[Gy/ka]

0,113

0,102

0,093

0,074

0,068

0,06

0,06

0,06

0,06

+0,0113

+0,0102

+0,0093

+0,0074

+0,0068

+0,0059

+0,0059

+0,0059

+0,0059

fine

grain
[fractio
nof1]

0,035

0,035

0,035

0,035

0,035

0,035

+0,02

+0,02

+0,02

+0,02

+0,02

+0,02

Polymineral

fine grain
[fraction of :
01 0,02
01 0,02
01 0,02
01 0,02
01 0,02
0,1 | +0,02

Water
content

Feldspar coarse grain

[fraction of {[D]

0.1

0,1

0,1

0,1

0.1

+0,02

+0,02

+0,02

+0,02

+0,02

+0,02

+0,02

+0,02

+0,02

17

17

17

17

17

17

17

128

128

+0,05

+0,05

+0,05

+0,05

+0,05

+0,05

+0,05

+0,05

+0,05
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Feldspar coarse grains

Central dose

[Gy]

137,70

164,22
220,12
230,15
274,33
429,12
464,71
429,12

464,71

+9,23

+9,80

+12,54

+15,90

+1791

+4176

+28,00 | 2

+4176

+28,00

Aliquo Dose rate

[#]

[Gy/ka]

385

437
4,01
385
4,09
3,95
3,95
3,62

3,62

0,22

024

021

021

0,23

0,22

0,9

0,19

Age

[ka]

35,78

37,54
54,84
59,83
67,02
108,51
17,51

118,70

128,55

+3,16

+ 3,06

+4,24

+5,30

+5,74

+10,32

Polymineral fine grains

Central dose

[Gy]

130,39

756
208,70
236,53

266,84

466,05

+4,78

+6,36

+7,57

+8,60

+9,69

Aliquots Age

[#]

[ka]

36,84

42,60
56,35
66,92

70,09

127,86

142,40

+2,97

+3,29

+4,19

+5,25

+5,46

+10,03

Quartz fine grains

Central dose

[Gy]

174,95

248,65
302,94
328,87

344,38

+10,91 41251

+6,49

+9,6

+1106

+1190

+12,64

+16,20

Aliquots Age

[#]

24

23
24
24

24

22

[ka]

60,70

73,88
98,03
13,55

10,75

136,50

15153

547

6,42

8,01

9,90

9,71

182

12,80
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Figure S5.132: Uranium, thorium and potassium contents as determined with the pDose system. Results
for block samples in blue and with laboratory numbers, for box samples in grey.
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Chapter 6: General discussion

6.1 Research objectives and hypotheses

The stated objectives of the thesis were to 1) identify possible stratigraphic marker
horizons/complexes in the LPS along the Rhoéne Rift Valley and to Il) establish a reliable
chronostratigraphy of the Baix and Collias LPSs. In consideration of these objectives our

findings from the studies allowed to test the stated hypotheses as followed:

i) The Mediterranean zone extended further north during the Last Interglacial

(Eemian, marine isotope stages (MIS) 5e).

Our findings exposed a less intense rubefied Luvisol at Baix LPS (sect. 5.5.1) compared to the
intense rubefied Luvisol from Collias LPS (sect. 3.3.1). Thus, the characteristics of the Eemian

Luvisol of LPS Baix rather coincide with soil characteristics described from central Europe LPS.

Generally, the intensity of the rubefication process depends on the moisture regime,
temperature, as well as the parent material and its permeability (Boero and Schwertmann,
1987; Federoff and Courty, 2013). Thus, two possible scenarios may explain the slight
rubefication of the Eemian soil of Baix LPS. Firstly, the climate conditions were the same as in
central Europe during the Eemain and stated hypotheses can’t be confirmed. Secondly, the
“formation conditions” for the rubefication process at Baix LPS were different compare to
Collias LPS. In fact, the underlying molasse sediments of the early Miocene at LPS Collias
(sect. 3.4.1) are assumed to be more permeable as the limestones and marls of the Lower
Cretaceous at Baix LPS (sect. 4.3.1), thus favouring rubefication at Collias compare to Baix.
Furthermore, the Eemian soil at Baix was clearly truncated and possibly more intense rubefied
material was eroded as it is also stated for the Collias-Wood LPS (sect. 3.3.1). Also, the
geomorphological position of the Baix LPS at the slope foot may favoured moisture availability
and necessary dry periods for the rubefication process could not take place. Additionally, pollen
stratigraphies (Beaulieu and Reille, 1984a) and more recent studies on insect remains
(Gandouin et al. 2007) of Les Echets indicated a thermal optimum during the Eemian within
the northern Rhéne Rift Valley. Defleur and Desclaux (2019) concluded from findings from the
archaeological cave site of Baume Moula-Guercy, right next to the Baix LPS, that hot and dry
Eemian Mediterranean climate must have extended much further north than present. Thus, we
still assume a northwards expansion of the Mediterranean conditions over the recent climatic

boarder in the Rhéne Rift Valley.

Unfortunately, so far, no other in situ Interglacial soil within LPS in this climatic transition zone
was described and can’t be used for comparison. Thus, based solely on the Eemian soil-

sediment characteristics of Baix LPS, we can’t confirm with certainty and had to falsify this
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stated hypothesis. So far, we have to assume, that similar climate conditions all over central

Europe during the Eemain reaching towards to the recent climatic board (Figs: 6.133, 6.134).

i) During the Middle Pleniglacial (MIS 3) more pronounced temperate conditions (i.e.

higher precipitation) prevailed in the Rhéne Rift Valley compared to central Europe.

At Baix and LPS Collias LPSs, a prominent MIS 3 Cambisol-complex spanning form Gl 15.1
or Gl 14 to GI 9 with a striking carbonate nodule horizon was observed, respectively (sect.
3.3.3, 4.4.2, 5.4.1).This complex or at least the striking nodule horizon was also observed in
several other LPS along the Rhone Rift Valley during field investigations. Thus, this horizon
serves an ideal stratigraphic marker horizon for the Rhéne Rift Valley and for correlations with
central Europe LPS (objectives | and I1). The presence of the prominent nodules suggest one
leaching phase of high intensity or several leaching phases of low intensity for the early/middle
MIS 3. As large nodules are missing or have not been described for MIS 3 soils in central
European LPS, we attributed this feature to more humid conditions in the Rhdne Rift Valley.

Hence, the hypothesis could be confirmed.

iii) During the Upper Pleniglacial (MIS 2) the transition zone was marked by less

pronounced cold and arid conditions compared to central Europe.

Frost-thaw related features were described for LPS of the northern Rhone as well as for central
European LPS (sect. 3.4.5, 5.5.2). None of these features could be detected neither at Baix
LPS, nor at Collias LPS. Instead, we observed various intensively weathered yellow-brown to
brown loess horizons (sect. 3.3.5, 5.5.2) (Fig. 6.133). We attributed it to less dry and cold
climate conditions during loess accumulation phases at the LPS, and thus affirming the

hypothesis.

6.2 Synthesis

Two main LPSs, Baix and Collias, were investigated with multiple state-of-the-art-methods
(from macro to micro scale) in order to establish reliable chronostratigraphies, respectively
(sect. 1.3). The LPSs displayed various loess and loess-like sediment depositions, interlaced
by weakly to strongly developed palaeosols (-remains), according to the chronological
development. The following comparison of the pedo- and loess units of both LPSs allowed to
discuss where possible climatic boundaries were located regionally in Rhéne Rift Valley and

how these boundaries may fluctuated along the N-S European transect.

Both LPSs cover the Last Interglacial und Glacial period (MIS 5 to MIS 1) and can be structured
in up to 4 pedo-sedimentary units (Last Interglacial soil-complex, lower interstadial soil, upper

interstadial soil-complex and Holocene soil) and two loess units (Fig. 6.133).
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The Last Interglacial soil-complex comprises soil formations of the Last Interglacial (MIS
5e) and Early Glacial (MIS 5c, 5a) and their loess- (soil) sediment deposits (MIS 5d, 5b).
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R
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Figure 6.133: Chronostratigraphies of Baix and Collias loess-palaeosol sections with soil types and
sediment units and derived palaeoenvironments for the Last Interglacial-Glacial cycle. The terms arid
and humid describe the soil moisture regime and to picture tendencies within the dryness, the terms
semi-humid and semi-arid is used, blue colour: cold, brown colour: temperate, red colour = warm.

At Collias LPS, the Eemian soil is represented by a Chromic Luvisol soil sediment, which is
underlain by a 50 cm thick petrocalcic layer, assumed to be formed within this period. Hence,
we interpreted the Eemian climate at Collias LPS as Mediterranean conditions with warm, arid
summers and mild, humid winters. In contrast, at Baix LPS, the Eemian soil sediment is part
of a polygenetic Stagnic Luvisol-complex, represented by a slightly rubefied Bt horizon (Fig.
6.133). The Luvisol formation of the Baix LPS suggest similar climate conditions, although with
at least temporarily different moisture regime that, allowed a slight rubefication process. So
far, we have to conclude, that the region at Baix might still represented the climatic transition
zone during the Eemian, whereas Mediterranean fauna and flora co-existed. Thus, the climatic
boundary did not seem to have been shifted northwards during the Eemian as we initially

hypothesised (sect. 6.1), but further investigations will be needed.

To evaluate possible Eemian climate settings, we further compared this soil formation with the
recent soil formation processes. Even though the Eemian is supposed to have lasted longer
(approx. 17.000-18.000 years) and being warmer than the ongoing Holocene (sect. 1.1), it
may help to assess recent and potential future climate conditions. The intensity of rubefication
illuviation-processes in the Holocene loess soils of the Mediterranean region ranges from
Calcisols (NE Spain) to Cambisols (SE Spain, SE France, NW Croatia) and (chromic) Luvisols
(N ltaly, NW Croatia) (sect. 3.4.6). Within the Collias and Baix LPSs, the recent soils were
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classified as a Cambisol, respectively. In contrast to Baix LPS (sect. 4.3.1), the colluvial Bw
horizons of Collias LPS showed a brown-orange colour matrix (sect. 3.3.5), indicating the
presence of goethite, which is an indication for moist conditions. With reference to soil erosion
and corresponding colluvial processes, which destroyed/eroded possible clay accumulation
horizons of the current in situ soil development, the climate conditions are generally favourable
for a Luvisol development. However, the exceeding ETp over MAP in the Mediterranean region
as well as in the transition area (Fig. 1.1), does not support clay-illuviation processes.
Therefore, a future development into a Luvisol with the present prevailing conditions seems

unlikely for the region.

Thus, we conclude that for the Eemian period, the soils throughout the entire European
climate transect were marked by more warm and humid conditions than the recent
climate. The intensity of rubefication seemed to increase southwards within the transect
(Fig. 6.134). Although an assumed northern expansion of Mediterranean conditions
during the Eemian solely based on the soil characteristics of Baix could not be

conclusively verified, other archives still do support a northwards expansion

The Early Glacial (mid and late MIS 5) at Baix LPS is marked by a slow climate deterioration
with temperate, humid phases during interstadials and cold, semi-humid conditions during
stadials introducing a polygenetic Stagnic Luvisol (sect. 4.4.2, 5.5.1). Similar conditions were
reconstructed for the Collias LPS, reflected by several Bw horizons (sect. 3.3.3). We attributed
the varying magnitudes of erosions and weathering of the horizons to the different positions
within their respective slope positions. Thus, compared to central European LPS, where
increasing continentality is represented by humus-enriched horizons, we interpret a slower
climatic deteriorating in the Rhone Rift Valley with temperate moist phases during interstadials
(soil formation) and semi-humid conditions during stadials (surface run off-processes and loess
accumulation) (Fig. 6.133, 6.134).

Thus, we conclude, that in contrast to central Europe, the interstadials of the MIS 5 in
the Rhéne Rift Valley stayed more humid at both climatic zones (Mediterranean and
climatic transitions zones). Most probably, this effect was also favoured by their valley

positions.
Lower interstadial soil and loess deposits of the Lower Pleniglacial (MIS 4)

Both LPS begin with a major erosional discordance, which we interpreted as the transition from
MIS 5 to MIS 4. The MIS 4 loess deposits of both LPSs show generally higher accumulations
rates, reworking, the least weathering and no features related to permafrost (sections 3.3.2,
5.4.2). The silty and sandy loamy MIS 4 deposits display a polymodal grain-size distribution

and they are interlaced by fine gravel bands (sect. 2.3.4, 3.3.2). Their olive-coloured sandy
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deposits suggest either increased wind intensities or a more proximal source (local reworked
glauconitic sandstone) of sediment supply (sect. 3.3.1, 3.3.2). In contrast, the silty and sandy
loess deposits of the Baix LPS showed a unimodal grain-size distribution, which also suggest
less proximal sources (sect. 5.5.1). Furthermore, a brown MIS 4/MIS 3 Bw horizon was
observed in Baix LPS, in contrast to Collias LPS. We assume, that after relocation of the
interglacial soil and loess sediment-mixture, the (re-)formation of the 6 Bw3 horizon began in
the climatically mild excursions of Gl 18, or more likely GI 17.2-GI 16.1 a (or Gl 15.1) and
continued as syn-sedimentary process within a younger phases (sect. 4.4.2, 5.5.2). Although
the LPSs display different grain-size distributions, we defined the derived climate conditions
for both LPS in the Rhéne Rift Valley as generally cold and drier, allowing deposition,
reworking, weathering of loess and loess-like sediments (Fig. 6.133). In central Europe LPS,
MIS 4 to MIS 4/MIS 3 loess deposits as well as palaeosol relicts of the Cambisol or Regosol-

Cambisol types have been evidenced.

We conclude, that during MIS 4 along the entire European transect, including the Rhéne
Rift Valley, generally cold and arid conditions prevalent. However, as there were no
permafrost features detected in the Baix and Collias LPS, less severe conditions

compare to central Europe can be interpreted.
Upper interstadial palaeosol-complex of the Middle Pleniglacial (MIS 3).

At both LPSs, we observed the same truncated Cambisol-complex with prominent in situ
carbonate nodules, which formation began in Gl 15.1 or more likely in GI 14 until perhaps Gl
9. At Collias LPS, the Cambisol-complex is underlain by a large vertical former biopores
system, suggesting intense rooting during MIS 3 interstadials, whereas the biopore system of
the Cambisol-complex at Baix LPS is less pronounced (sect. 3.4.3, 3.3.6, 4.3.1). The derived
climate conditions with the Rhone Rift Valley are interpreted as (i) semi-humid conditions
allowing moderate accumulation of loess and pre-weathering in the form of carbonate leaching
during stadial phases, and (ii) brunification during temperate and humid interstadial phases
with efficient carbonate leaching (sect. 3.5.3, 5.5.2). Comparably intense developed brown
truncated soil horizons (Cambisol) are found in most of the European LPSs, although without
the description of the prominent carbonate nodules. Both, Baix and Collias LPS, don’t display
significant soil formation above the MIS 3 Bw palaeosol-complex, only loess horizons of
different weathering intensities. They seem to be influenced by more constant climate
conditions, in contrast to other European loess landscapes after ca 40 ka (Heinrich 4 event;

GS 9), showing e.g. the formation of the Lohne soil complex.

We conclude, that during MIS 3 the climate in the Rhéne Rift Valley was generally

marked by decreasing loess input and the formation of brown soils, followed by an
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Figure 6.134: Derived climate conditions from Baix and Collias loess-palaeosol sections (LPS) and
known western European LPSs (e.g. Nussloch) for the Last Interglacial and Glacial period (MIS 5 to
MIS 2) and possible climatic boundaries along the N-S European transect, blue colour: cold, brown
colour: temperate, red colour = warm, earthworm symbolises intense bioturbation (data: Bertran et al.
2021, Lehmkuhl et al. 2021).

increase of loess depositions and leaching processes. As the observed prominent
carbonate nodules are missing or have not been described for MIS 3 soils in central
European LPS, we attributed this feature to a more intense humidity during the early
and mid MIS 3, in contrast to central Europe

Loess deposits of the Upper Pleniglacial (MIS 2).
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Aeolian input of mainly silt and/or sand sized grains becomes dominant from ca 36 ka onwards
for the Baix and Collias LPSs. Both LPSs don’t show in these loess horizons (weak) soil
formation, e.g. tundra gley soils, or redoximorphic features related to freeze-thaw dynamics,
like European LPS (Figs. 5.74, 6.133). Instead, they are strongly bioturbated and marked by
slope-wash processes (sect. 2.3.1, 3.3.4, 5.5.1). Hence, we defined for the transition MIS
3/MIS 2 and the ongoing MIS 2, including the Last Glacial Maximum, cold and mainly dry
conditions, which are required for loess accumulation (Fig. 6.133). Furthermore, we assumed
with respect to seasonality, shifting moisture conditions that allows pre-weathering by
carbonate leaching and run-off processes as well as redeposited pre-weathered material at

the foot slopes.

We concluded, that the LPS of the Rhéne Rift Valley correlates in terms of recorded
acceleration of loess input rates with central European LPS. However, the various
intensively weathered loess horizons of the Baix and Collias LPS, suggest less severe
conditions, which also explains together with the lacking permafrost why this LPS are

so intensively bioturbated in contrast to central European LPS (Fig. 6.134).

6.3 Final conclusions and outlook

Firstly, we conclude that within the Rhéne Rift Valley during the Eemain period, a northwards
expansion of Mediterranean conditions above the recent climatic transitions zone could not be
certainly verified solely based on the determined soil characteristics of the Baix LPS (strongly
rubefied Luvisol). However, other archives do support a northern expansion of Mediterranean
conditions and we can concluded that the climate conditions in the central and southern Rhéne
Rift Valley seemed to be significantly more humid than today. The comparison of the last
Interglacial and the recent soil formation to determine similarities and differences of the climate
conditions is challenging due to various factors (e.g. different insolation, geomorphological
position, anthropogenic use). However, it seems unlikely that under present conditions in the
NW Mediterranean region the Cambisol will develop into a Luvisol. Although the Eemian is
described to have lasted somewhat longer than the ongoing Holocene, it is rather likely, that
assumed future increase of precipitation intensity and increased frequency and length of dry

periods effects the soil moisture regime and increases the risk of soil erosion.

Nevertheless, regarding our inconclusive results, statements how (far) the recent
Mediterranean boundary in the mid-Rhéne Rift Valley may will expand northwards in the future,

as projected from climate models, have to be carefully made.

In contrast, throughout the whole Last Glacial period, the Collias and Baix LPSs showed similar
characteristics, whereas their position within the valley and at the slopes most likely favoured

moisture availability and potentially higher temperatures. Thus, on a regional scale | can
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conclude that Baix LPS and Collias LPS formed in the same weak periglacial environment,
whereas moisture availability favoured chemical weathering and syn-sedimentary processes

during stable phases, and higher erosion and slope-wash processes during unstable phases.

Secondly, we assessed that the general characteristic of the LPSs of the Rhone Rift Valley
coincide with central and western European LPS. Striking pedo-stratigraphic marker horizons
(e.g. MIS 5e—-Luvisol, MIS 3—Cambisol) clearly showed commonalities. However, marker
horizons of the Rhéne Rift Valley are exclusively reflected as polygenetic soil complexes that
integrate possible equivalent palaeosol formations (e.g. MIS 5 soils, MIS 3 Cambisols) known

from central European LPS.

Finally, we can summarise that the determined syn-sedimentary, intensively reworked
and bioturbated character of the Rhone Rift Valley loess deposits as well as their partly
polygenetic soils and soil-complexes reflect a gradient of decreasing magnitude of Late

Pleistocene climate changes from central Europe to southern Europe.
Outlook

In this thesis, we have demonstrated that loess-palaeosol sections (LPS) of the Rhéne Rift
Valley with respect to their disturbances, are suitable archives to reconstruct
palaeoenvironments. However, as our results concerning the expansions boundaries of
Mediterranean conditions in terms of intensity of rubefication are inconclusive, other suitable
archives need to be investigated to conclusively verify our derived climate conditions for this
area. Furthermore, more inter-latitudinal reconstructions from north to south from numerical
dated LPS are needed to support or deny palaeoenvironmental conditions and their
distributions. Especially, LPS expanding north of Lyon (Dombes plateau, Sadne valley) will be
highly interesting to investigate with state-of-the-art-methods as the LPSs are according to
Bourdier (1958) covers the whole last Interglacial-Glacial cycle, too. The Collias LPS serves
also as an ideal tie-point to be connected with higher located LPSs within the eastern valley of
the Durance River (Mirabeau, Saint-Paul, Aubagne and Cuges (Bourdier 1958; Alimen 1965;
Bonifay 1965)). So far, the chronostratigraphies of these LPSs are only supported by numerical
ages of “C dated mollusc shells. Furthermore, some of the underlying sediments were
correlated to the Middle and Upper Pleniglacial (Bonifay, 1965), but without any numerical

confirmation.
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