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Abstract: Loess–palaeosol sequences (LPSs) are important archives of landscape evolution, recording alter-
nating periods of geomorphic activity (dust deposition and slope processes) and landscape stability
(soil formation). LPSs of the Rhône 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, Rhône 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 palaeoen-
vironmental reconstructions. We studied the ⇠ 14 m thick Baix LPS located at the western edge of
the Rhône Rift Valley near Valence. Here, we focus on the lower ⇠ 7 m of the LPS, which comprises
12 of 19 soil horizons 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
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Bw horizon (MIS 5d-a); and (3) a yellowish-brown Bw horizon with large cone-shaped carbonate no-
dules 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.

Kurzfassung: Löss-Paläoboden-Sequenzen (LPS) stellen wichtige Archive der Landschaftsentwicklung dar. Sie
dokumentieren den Wechsel zwischen geomorphologisch aktiven Phasen (mit Staubablagerung und
Hangprozessen) und Phasen der Landschaftsstabilität (Bodenbildung). Die LPS entlang des Rhône-
Grabens liegen innerhalb des Gradienten von derzeit gemäßigtem zu mediterranem Klima. Sie sind
daher potentiell sehr wertvolle Archive, um die gut untersuchten LPS des Europäischen Lössgür-
tels und des Mediterranraums zu verknüpfen. Trotz dieser wichtigen Funktion wurden LPS des
Rhône-Grabens bisher kaum untersucht, so dass diesbezüglich eine entsprechende Forschungslücke
besteht. Mit dieser Arbeit stellen wir die ⇠ 14 m mächtige Baix LPS am westlichen Rand des Rhône-
Grabens bei Valence vor. Unser Fokus liegt auf den unteren ⇠ 7 m der LPS, die 12 von insgesamt
19 identifizierten Bodenhorizonten enthalten und in denen regionale Änderungen der Paläoumwelt
vom Eem bis zum Mittleren Pleniglazial (marine Isotopenstadien (MIS) 5 bis MIS 3) aufgezeich-
net und archiviert wurden. Eine detaillierte Profilbeschreibung wird durch granulometrische Daten
(10 cm Probenauflösung), mikromorphologische Untersuchungen und ein Lumineszenz-Screening
an äquidistant, alle 5 cm genommenen Proben (126 Proben entlang der 7 m) ergänzt. Durch das
Lumineszenz-Screening wird eine vorläufige Chronometrie erstellt. Die Lössablagerungen sind stark
kalkhaltig und dominant schluffig, enthalten aber auch sandigere Lagen, die eine sekundäre Um-
lagerung anzeigen. Vom Liegenden zum Hangenden zeigt der untersuchte Abschnitt drei paläope-
dologisch intensiv überprägte Bereiche: (1) eine basale Abfolge rötlicher Btg- und Bt-Horizonte
eines eemzeitlichen Stagnic Luvisols; (2) einen frühglazialen braunen Bw-Horizont (MIS 5a-d); und
(3) einen braunen Bw-Horizont mit großen, zapfenförmigen Karbonatkonkretionen im unterliegenden
Bk-Horizont, wobei Bw und Bk als Relikt eines teilweise erodierten, mittelpleniglazialen (MIS 3)
Cambisols interpretiert werden. Die Baix LPS ist der Collias LPS ⇠ 100 km weiter südlich teilweise
sehr ähnlich, weist aber auch Unterschiede auf, die ihre Lage am räumlichen klimatischen Übergang
zwischen der aktuell gemäßigten und der mediterranen Zone widerspiegeln.

1 Introduction

Loess–palaeosol sequences (LPSs) are valuable palaeoenvi-
ronmental archives, as they preserve information on, for ex-
ample, 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; Marković 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., 2011; 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 Rhône 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. 1) denotes the present-day transition between temperate
and Mediterranean climate (Joly et al., 2010). Loess along
the Rhône Rift Valley was intensively studied in the mid-
dle of the last century (Suen, 1934; Mazenot, 1956; Bour-
dier, 1958; Bonifay, 1965), when major construction works
facilitated access to thick profiles. Source areas of the loess
were the dried-out riverbeds of the Rhône River and its trib-
utaries from the Alps and the Massif Central, which during
glacial periods were fed with fine-grained material abraded
by the glaciers in the western Alps and the Massif Cen-
tral (Bosq et al., 2020a). Only recently has loess research
in the area been resumed, applying state-of-the-art investiga-
tion methods, including numerical dating (Franc et al., 2017;
Bosq et al., 2018, 2020a, b; 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 France
(Fig. 1). There, a prominent Middle Pleniglacial (marine iso-
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tope stage (MIS) 3) yellowish-brown palaeosol horizon was
observed. Optically stimulated luminescence (OSL) dating
(e.g. Aitken, 1998) suggested a time window for the forma-
tion 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 carbon-
ate leaching from the Middle Pleniglacial palaeosol horizon
and associated carbonate reprecipitation below. We observed
these characteristic carbonate nodules in several LPSs along
the Rhône Rift Valley.

At the base of the Collias LPS, several reddish-brown
palaeosol horizons with stagnic properties were observed
and interpreted as the MIS 5 palaeosol complex. They were
underlain by a massive calcrete (Bosq et al., 2020b). The
⇠ 14 m thick Baix LPS is situated at 44�42.50 N, thus within
the transition from presently temperate to Mediterranean cli-
mate, which makes it a promising candidate for linking the
European mid-latitude and Mediterranean LPSs.

Therefore, the aim of the present study was to assess
the potential of the Baix LPS for landscape reconstruction.
Based on the similarity with the Collias LPS (⇠ 100 km fur-
ther south), we assumed that the Baix LPS encompasses
the same time span, i.e. the last interglacial and last glacial
period. Here, we focus on the lower ⇠ 7 m of the Baix
LPS, reaching from a basal reddish-brown palaeosol hori-
zon sequence (12.0–13.7 m depth) up to a yellowish-brown
palaeosol horizon sequence with large carbonate nodules
at its base (735–853 cm depth), very similar to the Middle
Pleniglacial palaeosol in the Collias LPS. Our approach in-
cludes a detailed field description, complemented by gran-
ulometric analysis (10 cm vertical resolution) and micro-
morphological observations together with an approximate
chronometric framework. The preliminary age assessment
is based on OSL screening on minimally prepared mate-
rial (⇠ 1 cm3 samples), collected at ⇠ 5 cm spatial resolu-
tion. Reconstructed phases of geomorphic and pedogenic
evolution at the Baix LPS were compared to other regional
palaeoenvironmental archives (Fig. 1). These include pollen
records from lacustrine and marine sediments (Les Échets,
Velay, Gulf of Lion), considering their variations in latitude
and altitude (Beaulieu and Reille, 1984a, b, 1989; Reille and
Beaulieu, 1990; Reille et al., 2000; Guiter et al., 2003; Beau-
douin et al., 2005), as well as sediment records from archae-
ological cave and/or rock-shelter sites.

2 Study site, sampling and methods

2.1 Study site

The Baix LPS (44�42036.3000 N, 4�43020.8000 E) is located at
the western edge of the Rhône Rift Valley, SW of Valence
and ca. 4 km west of the Rhône River at an elevation of
155 m a.s.l. (Figs. 1, 2). It is situated on the foot slope of a

Figure 1. Location of the Baix loess–palaeosol sequence (LPS) at
the western edge of the Rhône Rift Valley and published archives
used for comparison and complementation of the palaeoenviron-
mental reconstruction. The Baix and Collias LPSs are marked by
orange squares. Pollen records (green diamonds) from lacustrine
sediments of Les Échets (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 (pur-
ple diamonds) of Payre (Valladas et al., 2008; Rivals et al., 2009),
La Combette (Kreutzer et al., 2021; Mologni et al., 2021), and the
Ardèche area (Abri des Pêcheurs, 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).
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Figure 2. Hillshade map of the area around the Baix LPS, Rhône
Rift Valley, SE France, with prevailing wind directions and dis-
tribution of loess and loess derivates (lo) derived from Lehmkuhl
et al. (2021) (map data: DEM with a 5 m ⇥ 5 m resolution derived
from IGN-FR, 2020).

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).

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; Pas-
tre et al., 2004). Several episodic creeks drain the basin via
the rivers Ouvèze and Payre in an eastern direction towards
the Rhône River (Fig. 2). 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, 2021). The predomi-
nant wind regime is the mistral, a strong northerly wind that
is channelled within the Rhône Rift Valley and accelerated
southward (Guenard et al., 2005). At the opening of the west-
ern shoulder of the Rhône 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. 2). The
Baix LPS is situated in the wind shadow with respect to the
wind that blows from the Rhône 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 ob-
servations, Mazenot (1956) subdivided the Baix LPS into
four parts, comprising (1) a palaeosol at the base, contain-

ing debris of basalt and Cretaceous limestone, overlain by
(2) decarbonated red loamy loess, superimposed by (3) typi-
cal 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.

2.2 Field description and sampling

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. 3a–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). Sam-
pling 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 hori-
zon 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 bound-
ary. The samples were air-dried, sieved (< 2 mm mesh size)
and homogenised. The coarse material (� 2 mm) was treated
with 10 % HCl to dissolve possibly included carbonate no-
dules. 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 collected from the main palaeosol
horizons (5 Bw2, 7 Bt1) and unweathered loess (5 Ck2) for
micromorphological analysis. These samples were taken in
Kubiëna boxes (6 cm ⇥ 8 cm ⇥ 4 cm) that were gently in-
serted into the profile wall, steadily supported by a knife.

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. 3e). Then, we placed a plastic flower box ver-
tically onto the uppermost section of the uppermost sedi-
ment column, with its opening towards the wall. We obtained
a sediment block of ca. 43 cm ⇥ 12 cm ⇥ 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 bot-
tom 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. Irregulari-
ties in the profile wall that might affect the luminescence
signal were avoided by sampling in four columns that were
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Figure 3. Baix LPS, Rhône 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).

slightly horizontally offset from one another (Fig. 3e). When
the sampling shifted horizontally from one column to an-
other, we used this chance to place the upper rim of the next
lower flower box 10 cm above the depth of the lower rim
of the previous flower box so that the block samples over-
lapped 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 trans-
port. The flower boxes with the samples were finally tightly
wrapped with clingfilm to stabilise them and preserve the wa-
ter content in the sediment samples. Laboratory codes of the
box samples range from HDS-1802 (top) to HDS-1817 (bot-
tom).

2.3 Methods

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 % H2O2+20 mL of deionised H2O 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
Na4P207 ⇥ 10 H2O (0.1 mol�1) + 200 mL deionised H2O,
shaken for 18 h in an overhead shaker and subsequently evap-
orated (ISO 11277, 2020). Carbonates were not removed be-
cause calcium carbonate grains constituted a substantial por-
tion of the primary mineralogical and granulometric compo-
sition 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 %
Na2S2O4 + 0.3 mol L�1 C2H3NaO2 to dissolve the iron ox-
ides following ISO 11277 (2020). Samples were shaken for
12 h in an overhead shaker. They were then washed by adding
deionised H2O, 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 H2O and inserted in the mixing chamber
of the laser particle sizer. The arithmetic mean of three mea-
surements 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 suit-
able for quartz (ISO 13320, 2020). The laser measurements
yielded 116 particle size classes (0.04 to 2000 µm) 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 µm (clay), 8–56 µm (silt) and
> 56 µm (sand). We chose the high limit for clay (i) because
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it is commonly used to compensate for the known underesti-
mation of clay content by laser diffraction (Konert and Van-
denberghe, 1997; Beuselinck et al., 1998; Újvári et al., 2016)
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 µm / 5.5–16 µm) to identify changes
in sedimentary conditions during loess accumulation phases
and the clay / silt ratio (< 8 µm / 8–56 µm) to identify phases
of pedogenesis (Antoine et al., 2009; Újvári et al., 2016;
Schulte and Lehmkuhl, 2018; Schulte et al., 2018). Carbon-
ate content was determined by the gas-volumetric method
using a Scheibler apparatus and calculated as calcium car-
bonate (CaCO3) equivalents in weight percent (wt %; Blume
et al., 2011). The soil blocks for micromorphological anal-
ysis were subjected to acetone exchange of the remaining
pore water. Then, the blocks were impregnated with resin
(Palatal), cut, glued on 28 mm ⇥ 48 mm glass slides and pol-
ished to a thickness of ⇠ 25 µm. Micromorphological analy-
sis 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).

2.3.2 Luminescence screening

In recent years, various attempts have been made to pro-
file 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; Muñoz-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, lumines-
cence screening involves minimal sample preparation, mea-
surement of a few aliquots (usually one to three) and/or con-
siderably shortened measurement procedures. The profiling
maps the brightness (sensitivity) of one or more lumines-
cence signals, for example, blue-light-stimulated lumines-
cence (BLSL), infrared-stimulated luminescence (IRSL) or
thermally stimulated luminescence (TL), e.g. along a sedi-
ment core (changes with depth) or in two dimensions across
a profile wall. The use of a portable luminescence reader dur-
ing fieldwork (cf. Scottish Universities Environmental Re-
search 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 differ-
ent sediment units (Sanderson et al., 2003; Muñoz-Salinas et
al., 2011). Among others, the sensitivity may reflect the char-
acteristics 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 lumi-
nescence counts gained by a portable OSL reader to the nat-

ural dose accumulated by a sample since the last sediment
reworking, the sample material needs to be artificially irra-
diated, e.g. by an external gamma source, to allow for com-
parison of the natural signal of a sample to that received af-
ter the irradiation with 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 col-
luvium and alluvium (Muñoz-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 pre-
historic 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 measure-
ments 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,
Ln, and the OSL signal received after an applied test dose,
Tn) without grain size separation. Ln/Tn values were fur-
ther 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 (IR50). Again, the luminescence signal was normalised
by a test dose signal (Ln/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 sup-
port the stratigraphy based on detailed field observation,
hypothesising that the lower ⇠ 7 m of the Baix LPS re-
flect the Eemian to Middle Pleniglacial palaeoenvironmen-
tal changes. Therefore, we collected data on the lumines-
cence sensitivity, the (approximate) palaeodoses and the dose
rates. In addition, we applied a sensitivity approach follow-
ing Fitzsimmons et al. (2022) but using the coarse fraction
and performing an additional step for inter-aliquot normali-
sation 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 first part of the
Supplement (“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-
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Figure 4. pIR-BLSL SAR protocol applied to minimally prepared
polymineral coarse grains from 126 miniature (1 cm3) subsamples.

1802 (top) to HDS-1817 (bottom) (cf. Sect. 2.2.2). In the
dark luminescence laboratory, up to eight ca. 1 cm3 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 deter-
mination, both needed for calculating an effective dose rate.
Minimal sample preparation included wet sieving (125 µm
mesh size) and preparation of small aliquots (a few hundred
grains) from the retained polymineral coarse-grain fraction
(> 125 µm).

To provide a time frame, we applied the SAR proto-
col establishing dose–response curves with several test-
dose-normalised regeneration-dose points (Lx/Tx), includ-
ing dose points for testing the recuperation and recycling ra-
tio, 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 (pIR60IR225) (Thom-
sen 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 lumines-
cence Risø reader models, 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 and 5.

We aimed to extract a quartz-dominated signal with the
pIR-BLSL protocol and a potassium-feldspar-dominated sig-
nal with the pIR60IR225 protocol. For adapting the pIR-BLSL
and the pIR60IR225 protocols to the Baix samples, we per-
formed a series of tests, including De-range tests, dose recov-
ery tests, normalisation dose tests (pIR60IR225 protocol only)
and tests of anomalous fading. Thus, our OSL-screening ap-
proach contained all relevant preparatory measurement steps
needed for elaborated SAR OSL dating. In contrast to proper
OSL dating, however, the De measurements were performed
on only three aliquots per subsample for the pIR-BLSL ap-
proach and one aliquot per subsample for the pIR60IR225

Figure 5. pIR60IR225 SAR protocol applied to minimally prepared
polymineral coarse grains from 126 miniature (1 cm3) subsamples.

protocol in order to save measurement time. For dose rate
assessment, radionuclide determination was performed with
the novel µDose system (Tudyka et al., 2018, 2020; Kolb et
al., 2022) on six samples regarded as representative of the
Baix sediments and palaeosols. Assuming radioactive equi-
librium, 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., 2012). Following standard procedures, we
assumed an internal potassium content of 12.5 ± 1.25 wt %
for the pIR60IR225 protocol, a values of 0.1 ± 0.02 for the
pIR60IR225 approach (Kreutzer et al., 2014) and 0.035±0.02
(Lai et al., 2008) for the pIR-BLSL approach and water con-
tent as suggested by Sauer et al. (2016) and applied to the
Collias LPS by Bosq et al. (2020b). While our OSL “age es-
timate” calculation relies on 126 De measurements for the
pIR60IR225 protocol and the triple number of De measure-
ments 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 De determination
and the use of a representative mean effective dose rate for
each of the two SAR approaches, we called them “age esti-
mates” and put them into quotation marks. We consider our
luminescence screening approach for deriving OSL “age es-
timates” adequate for testing the field hypothesis of whether
the lower ⇠ 7 m of the Baix LPS contains an Eemian to Mid-
dle 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 sub-
sequently readout BLSL signal, using all measured test dose
signals (Tx) for this procedure. For determining the lumines-
cence sensitivities, first, the Tx signals of a complete SAR
measurement (eight measurement points) were averaged for
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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 a subsample). Finally, the ratio of the
signals of the two stimulations was derived (Tx_IR/Tx_BLSL).
While samples with a dominant IR signal may point to the
predominance of feldspar (emitting in the UV), the domi-
nance 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.

3 Results

3.1 General overview of the Baix LPS

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 1). Four levels
of soil formation were identified, in the following termed
“Holocene soil”, “upper interstadial palaeosol”, “lower in-
terstadial 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 1, Fig. 3b). All horizons showed abundant bioturba-
tion features such as root channels and earthworm burrows,
which make it a challenge for luminescence dating.

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 con-
tents 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 µm), and the mean particle size was
in the range 29–41 µm, with an arithmetic mean of 33 µm.
Rock-fragment contents ranged from 0 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 de-
creasing in the palaeosol horizons (Fig. 11). 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 % CaCO3, which was the maximal measured CaCO3
content. The lowest CaCO3 content (0.3 wt %) was found
in the 7 Bt1 horizon, belonging to the interglacial palaeosol
complex.

3.1.2 Micromorphology

The groundmass of the three thin sections of the Baix LPS
displayed quartz and carbonate grains with lower quanti-
ties of feldspars and biotite. All horizons showed calcitic
and/or textural pedofeatures. They had massive (Fig. 6b) to
weakly subangular blocky (Fig. 6c) microstructures and cal-
citic crystallitic (Fig. 7d) to stipple-speckled and porostriated
(Fig. 7f) b-fabrics. Voids mainly included channels, cham-
bers and vughs (Fig. 6a–c). The number and size of orthic
and disorthic Fe nodules increased with depth (Fig. 6a–c).
Calcite earthworm granules and/or calcified root cells were
observed in all three thin sections (Fig. 7c–d).

3.2 Detailed characterisation of the lower 7 m of the

Baix LPS

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 1), all characterised by
an intense reddish-brown to orange-brown colour and mas-
sive 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 Bt1 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. 6c) and
undisturbed clay and clay–silt coatings along voids, indicat-
ing in situ clay migration (Fig. 7e–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
properties, i.e. bleached root channels and prominent undis-
turbed Mn and Fe concentrations and coatings (Fig. 3c–d).

3.2.2 Lower and upper interstadial palaeosols

The lower interstadial palaeosol was represented by the
decarbonated bipartite brown 6 Bw3 horizon with mas-
sive 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 for-
mer root channels (Table 1). 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 hori-
zon 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
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Table 1. 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 (?); small carbonate nodules, ca. 0.5 to 1.5 cm ?; 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 Subdivision Main characteristics Interpretation
(cm) (cm)

1 Ah 0–20 disturbed surface; clear smooth lower boundary; colluvial deposit,

H
ol

oc
en

e
so

il

dark-brown colour (10 YR 3/2); fine and medium Holocene
granular structure; many WC Cambisol

2 Bw1 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 (10 YR 4/6);
moderate fine and medium subangular blocky structure;
PM; many WE, burrows, infilled small burrows

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 BCk1 95–240 95–200 gradual smooth lower boundary; light-brown colour (10 YR 6/4); slope-washed

Lo
es

s

massive structure; PM, small few HC, HHC loess with

200–240 gradual smooth lower boundary; brown colour (10 YR 5/4); varying degrees of
massive structure; small HC, SC pre-weathering

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

7 2 BCk2 500–570/590 gradual smooth lower boundary; light-brown colour (10 YR 5/4);
strong massive structure; PM, few small HC; very few very
fine spheroidal soft MN concentrations

8 3 BCk3 570/590–700 gradual smooth lower boundary; light-brown 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-brown mixture of
colour (10 YR 5/6); strong massive structure; reworked soil
PM, very few small HC; very few very fine sediment
spheroidal soft Mn concentrations and loess

10 5 Bw2 735–775 gradual smooth lower boundary; brown colour (10 YR 4/6); truncated Bw

U
pp

er
in

te
rs

ta
di

al
pa

la
eo

so
l

massive to weak coarse subangular blocky structure; horizon of
few PM, very few very small HC; loess-coloured infillings Cambisol
in WE; contains small rock fragments

11 5 Bk2 775–820 gradual smooth lower boundary; brown colour (10 YR 4/6); slightly weathered,
massive to weak coarse subangular blocky structure; lower in situ horizon
PM, few small in situ HC of Cambisol

12 5 BCk4 820–853 gradual smooth lower boundary; brown colour (10 YR 5/4); In situ carbonate
strong massive to subangular blocky structure; PM, many accumulation
large in situ HC (up to 8–15 cm long, 4–6 cm width); horizon of
contains small rock fragments Cambisol
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Table 1. Continued.

No. Horizon Depth Subdivision Main characteristics Interpretation
(cm) (cm)

13 5 Ck2 853–995 853–915 gradual smooth lower boundary; light-brown colour (10 YR 6/4);

Lo
es

s

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 slope-washed
(10 YR 6/3); strong massive structure; few PM, HC; loess with
darker-brown sediment-filled former root channels; varying degrees
few recent root channels; small rock fragments 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

15 6 Bw3 1080–1155 1080–1120 gradual smooth lower boundary; brown colour (10 YR 4/6);

Lo
w

er
in

te
rs

ta
di

al
pa

la
eo

so
l

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); Bw horizon
massive structure; very few faint clay coatings; few very developed in a
small in situ HC; very few very fine spheroidal soft Mn mixture of reworked
concentrations; loess-infilled former root channels; soil sediment
small rock fragments and loess

16 6 BCk/Btg 1155–1199 1155–1178 clear smooth lower boundary; brown colour (10 YR 5/8); mixture of

Lo
es

s

massive structure; few small HC; few very fine spheroidal reworked soil
Mn concentrations; rock fragments sediment and loess

1178–1199 clear smooth lower boundary; yellowish-brown colour (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

17 7 Btg 1199–1315 1199–1227 clear to gradual smooth lower boundary; reddish-orange-brown

In
te

rg
la

ci
al

pa
la

eo
so

lc
om

pl
ex

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

1227–1275 clear to gradual smooth lower boundary; reddish-orange-brown Bt and Btg horizons of
colour (7.5 YR 5/8); weak coarse and very coarse subangular Stagnic Luvisol
blocky structure; common distinct clay coatings; few in situ HC; (subdivision based
many fine and medium spheroidal soft Mn concentrations; on the intensity
iron oxide mottles and depletion zones; bleached root channels of hydromorphic
seamed by Lepidocrocite hems (5–7 mm thick); depth where features) developed in
hydromorphic features are most prominent reworked soil sediment

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 7 Bt1 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 8 Bt2 1360–1370 clear wavy lower boundary; reddish-brown colour (7.5 YR 6/6); mixture of reworked
strong massive structure; weathered (soft) and unweathered soil sediment, loess
fragments and local rock debris

20 Cw 1370+ debris of Lower Cretaceous limestone and marl and of basalt slope deposit of local
rock debris
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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 microag-
gregates, dusty silt-clay coatings along pores, in situ Fe no-
dules, partially decomposed root remains, and calcite earth-
worm granules were observed (Figs. 6b, 7a–b). The 5 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 no-
dules. The largest carbonate nodules (8 to 15 cm long, 4 to
6 cm wide) were found at 810–860 cm depth (Fig. 3b). The
carbonate nodules were yellowish brown; contained silicate
grains including rock fragments; and displayed a porous, ho-
mogenous structure.

3.2.3 Erosional discontinuities and characteristics of the

slightly to moderately weathered loess

Major erosional discontinuities were observed above the in-
terglacial palaeosol complex and above the upper interstadial
palaeosol. Both of these discontinuities were followed by a
layer of mixed sediment, containing clearly recognisable por-
tions of reworked palaeosol material and only slightly weath-
ered loess (6 BCk/Btg and 4 BCk/Bw). These mixed lay-
ers 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 % CaCO3, re-
flecting their different weathering degrees (Table 1). The
least weathered 5 Ck2 horizon displayed the highest silt con-
tent (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 cal-
cite earthworm granules, calcified root cells and former root
channels coated by micritic carbonate precipitates (Figs. 6b,
7c–d).

3.3 Luminescence screening results

Examples of pIR-BLSL and pIR60IR225 shine-down, dose–
response curves and graphical results of the fading tests
are given in the second part of the Supplement (“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 pIR60IR225 protocol, four aliquots exhibited g val-
ues 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 measure-
ments (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 pIR60IR225 protocol were measurement arte-
facts (cf. Thiel et al., 2011). Such measurement artefacts may
be produced if prompt readouts are included in fading mea-
surements and no minimum time after irradiation and pre-
heating 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 pIR60IR225 protocol to deliver reliable data.

The results of the effective dose rate determination for the
six selected samples are presented in Fig. 8. They show a
relatively narrow spread, justifying the use of a mean effec-
tive dose rate for the OSL screening. For pIR-BLSL mea-
surements, supposed to sample quartz, the effective dose
rates ranged between 2.43 ± 0.18 and 2.93 ± 0.23 Gy ka�1

(dark-blue symbols), giving a mean value of 2.80 Gy ka�1

(blue line). For pIR60IR225 measurements, likely sampling
potassium feldspar, the effective dose rates range between
3.52±0.19 Gy ka�1 and 4.15±0.24 Gy ka�1 (red symbols),
providing a mean value of 3.98 Gy ka�1 (red line). These val-
ues were used for OSL “age estimate” calculation. For the
lowermost silt loam sample, a higher water content was also
assumed (light-blue and yellow symbols) for dose rate as-
sessment, accounting for its hydromorphic features. While
for “age estimate” calculation, De errors and beta source cal-
ibration 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. 9). 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. S5 in the second part of the Supplement. Throughout the
investigated part of the profile, pIR-BLSL “age estimates”
are smaller than pIR60IR225 “age estimates”.

While the course of “age estimates” gained with both the
pIR-BLSL and the pIR60IR225 protocol shows a trend of in-
creasing data values from top to ca. 12.3 m depth, surpris-
ingly, 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. 9), which is not logical for loess deposits,
especially not at depths several metres below the ground
level. Although the incorporation of quartz grains from the
surface and younger deposits by bioturbation cannot be ex-
cluded, with quartz being bleachable faster than feldspar
(Godfrey-Smith et al., 1988), this assumption does not seem
appropriate as an explanation for the comparably young(er)
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Figure 6. Photos of whole thin sections (3 cm ⇥ 4 cm) of the Baix LPS, Rhône 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 quasi-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, vugh 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 Bt1 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 (? 380 µm) Fe impregnations. Abbreviations: cc, clay coating; ci, calcite impregnation; dcc, disturbed clay
coating; eg, calcite earthworm granule; no, Fe nodules; rr, root residues.

“age estimates” produced by the pIR-BLSL SAR protocol.
In general, we suppose that the pIR-BLSL “age estimates”
are less reliable than the pIR60IR225 “age estimates” pro-
duced by our OSL-screening approach. We assume that the
IR depletion of the polymineral coarse grains was too incom-
plete 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 pIR60IR225
protocol. This assumption agrees with the partly consider-
able 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 pIR60IR225 “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. 9). 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 values

The OSL sensitivity values (IRSL / pIR-BLSL ratios) origi-
nate from coarse-grain separates and therefore do not repre-
sent 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. 10), 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” val-
ues 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 hori-
zons. Thus, the OSL screening seemed to serve as a proxy for
variations in the sediment sources, as suggested by Fitzsim-
mons et al. (2022), and supported a subdivision into four
parts marked in Fig. 10.
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Figure 7. Photomicrographs of thin sections of the Baix LPS,
Rhône Rift Valley, SE France. (a) Brown clay–silt coatings along
voids in the 5 Bw2 horizon (755–763 cm) and elongated and dig-
itated 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) Calci-
fied 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 carbonatised groundmass of the
5 Ck2 horizon (935–943 cm depth) (cross-polarised light; XPL).
(e) Limpid orange clay and dusty-brown silt coatings and infill-
ings with disorthic Fe impregnations in the 7 Bt1 horizon (1335–
1343 cm depth) (PPL). (f) Same area as panel (e) under XPL,
Stipple-speckled, partly porostriated b-fabric of the 7 Bt1 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 impregna-
tion; no, nodule; ra, rounded aggregate; rr, root residues.

4 Discussion – Eemian to Middle Pleniglacial

evolution of the Baix LPS and corresponding

palaeoenvironmental conditions

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 con-
tent of local rock debris. Its difference in parent material is

also reflected in its different OSL sensitivity ratio (Fig. 10).
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 Bt1 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 inter-
glacial palaeosol complex showed similar characteristics to
the 7 Bt1 horizon but in addition exhibited strong stagnic
properties (Table 1). The sediment in which these two up-
per horizons of the interglacial palaeosol complex had devel-
oped 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 inter-
preted the basal interglacial palaeosol complex as an Eemian
palaeosol complex, developed in slope deposits with pre-
dominant penultimate-glacial loess component, correspond-
ing 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, ne-
glecting the stagnic conditions that clearly prevailed for some
time at the base of the Baix LPS, and thus reducing the effec-
tive dose rate and increasing the “age estimates” accordingly.
Assuming an increased water content (Fig. 8), the “age esti-
mate” 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 cen-
tral 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 de-
posit, possibly reworked and deposited during the late early
glacial period (e.g. Mélisey I, with subsequent pedogenesis
during St Germain I), as incorporation of soil peds eroded
from the underlying horizon and re-sedimentation of insuf-
ficiently bleached material could lead to age overestimation.
Possible reworking phases correlate most likely with the sta-
dials Mélisey I and Mélisey II (MIS 5d, 5b; Herning, Reder-
stall (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 land-
scape stability, reflected in the Baix LPS, again by soil for-
mation, possibly correlate with the interstadials St Germain I
and St Germain II (MIS 5c, 5a; Amersfoort–Brørup, Odder-
ade (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 com-
plex in the Baix LPS started to develop under conditions of
dry, warm summers and wet, mild winters, leading to the
7 Bt1 and 8 Bt2 horizons. After a period of reworking (dur-

https://doi.org/10.5194/egqsj-73-1-2024 E&G Quaternary Sci. J., 73, 1–22, 2024



14 N. Pfaffner et al.: The loess–palaeosol sequence of Baix (Rhône Rift Valley, France)

Figure 8. Effective dose rates determined for the six selected samples subjected to measurements with the µDose 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).

ing Mélisey I and/or Mélisey II), 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, 2009, 2016; Günster
et al., 2001; Haesaerts et al., 2016). However, early glacial
palaeosol horizons in mid-latitude European LPSs gener-
ally reflect drier conditions compared to the Eemian condi-
tions (Mosbacher Humus zones) (Antoine et al., 2001, 2016;
Schirmer, 2016), whereas in Mediterranean LPSs, more hu-
mid conditions seem to be reflected by polygenetic Eemian
to early glacial palaeosol complexes (Günster et al., 2001;
Ferraro, 2009; Wacha et al., 2011). Within the Rhône Rift
Valley, the Eemian palaeosol complex in the Baix LPS is in
accordance with LPSs from the south (Bourdier, 1958; Boni-
fay, 1965; Bosq et al., 2020b). Especially the reworking of
the Eemian soil material as observed in the Baix LPS, fol-
lowed 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. 1) (Bonifay, 1965; Bosq
et al., 2020b).

Other local archives near the Baix LPS and in the
Rhône Rift Valley also reflect our derived Eemian and early
glacial climate conditions (Fig. 1). Eemian pollen records
display summer-drought-resistant sclerophyllous taxa, with
Ilex, 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 conti-
nental 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 occu-
pation remains derived from archaeological sites along the
Ardèche and Payre rivers (Valladas et al., 2008; Rivals et
al., 2009; Moncel et al., 2015) (Fig. 1).

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 sub-
sequent more stable phase, the lower interstadial palaeosol
(represented by the 6 Bw3 horizon) developed. Loess accu-
mulation again set in, while pedogenesis continued, as indi-
cated 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 II (Gui-
ter et al., 2003), whereas the subsequent more stable phase
probably correlates with St Germain II (St Geneys 2 (Reille
et al., 2000)) and/or Ognon I (Beaulieu and Reille, 1984b,
1989). The transition from the early glacial period to the
Lower Pleniglacial in the Baix LPS is thus characterised by
a marked climate deterioration. This agrees with central Eu-
ropean LPSs, where unstable conditions are reflected by the
Niedereschbach zone or Harmignies colluvial deposit (An-
toine et al., 2016; Lehmkuhl et al., 2016). At the Collias
LPS in the Rhône Rift Valley, this lower interstadial soil was
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Figure 9. Results of the pIR-BLSL and pIR60IR225 screening of the Baix LPS, Rhône 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).

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 Échets and Velay (Beaulieu and Reille, 1984a, b) also
indicate a shift to cooler and drier conditions, including a
warmer phase within the general trend of climatic deteriora-
tion.

4.3 The Lower Pleniglacial

The following enhanced loess accumulation (highest silt con-
tent and U ratio) and decreasing weathering intensities (low-
est clay content and clay / silt ratio) reflect drier and colder
conditions (Fig. 11). 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
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Figure 10. Results of the luminescence sensitivity measurements (IRSL/post-IR BLSL signal strength) of the Baix LPS, Rhône Rift Valley,
SE France. Mean values with standard error of three aliquots measured per subsample with the pIR-BLSL protocol (blue squares and error
bars in black) and respective minimum (red) and maximum (green) values (further details Sect. 2.3.2, “Luminescence screening”). Grey
boxes mark subdivision into four units.

and Pye, 1987; Vandenberghe, 2013; Újvári et al., 2016). As
it has been proven for other LPS sites along the Rhône 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 Rhône River dur-
ing glacial times.

The only weakly weathered loess (5 BCk5 and 5 Ck2 hori-
zons) 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 ob-
served diverse forms and sizes of secondary carbonate ac-

cumulation (i.e. pseudomycelia, hard and soft carbonate no-
dules) and the upwardly increasing CaCO3 contents suggest
a weakening of carbonate leaching under increasingly drier
conditions (Fig. 11).

This phase of enhanced loess deposition coincides with
increased loess accumulation in most of the European, in-
cluding Mediterranean, LPSs (Antoine et al., 2001; Ferraro,
2009; Zerboni et al., 2015) and with high sedimentation rates
at other sites in the Rhône 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
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Figure 11. Synopsis of data for the lower 7 m of the Baix LPS, Rhône Rift Valley, SE France. From left to right: profile sketch (grey bars
mark phases of soil formation); carbonate content (as CaCO3 equivalent); rock-fragment content; contents of sand, silt and clay in the fine
earth; U ratio; clay / silt ratio; “age estimates” based on the pIR60IR225 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 pIR125BLSL125
protocol (SC, palaeosol complex; IS, interstadial palaeosol; ED, erosional discontinuity).

boreal landscape with partly steppe vegetation in the valley
(Beaulieu and Reille, 1989; Reille et al., 2000; Moncel et
al., 2015).

4.4 The Middle Pleniglacial

The upper interstadial palaeosol in the Baix LPS is inter-
preted to represent a strongly truncated and partially re-
worked Calcic Cambisol, including the reworked 5 Bw2 hori-
zon, underlain by the in situ 5 Bk2 and 5 BCk4 horizons. Its
basal large carbonate nodules require a corresponding car-
bonate 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 in-
creased 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. 9, 11). The uppermost subsamples anal-
ysed 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 concen-
trations 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 screen-

ing. 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 peri-
ods 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 Cal-
cic Cambisol remains, including the prominent carbonate no-
dules, suggests temperate conditions with at least one phase
of intense carbonate dissolution and reprecipitation. Com-
parably intensely developed brown truncated soil horizons
are found in most of the European and Mediterranean LPSs,
e.g. Remagen soils, Gräselberg soils (Antoine et al., 2001;
Schirmer, 2016; Fischer et al., 2021; Wacha et al., 2011). In
the Collias LPS in SE France, a very similar brown Bwk hori-
zon with similar prominent carbonate nodules was identified.
The likely period of this soil formation was after ⇠ 55 ka and
had ended by ⇠ 39 ka, as suggested by OSL dating (Bosq et
al., 2020b). During our field surveys, we observed the promi-
nent carbonate nodules not only at Baix and Collias but also
in several other LPSs in the Rhône Rift Valley. Therefore,
these large cone-shaped carbonate nodules that underlie trun-
cated remains of a brown Calcic Cambisol may serve as a
useful stratigraphic marker in LPSs along the Rhône Rift
Valley. Another possibly comparable brown soil horizon, al-
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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 decidu-
ous 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 (Moer-
shoofd) interstadial, pointed to a marsh habitat, which may
support assumed enhanced humidity in the region for this pe-
riod (Magnin and Bonnet, 2014).

5 Conclusion

Our investigations of the lower ca. 7 m of the Baix LPS in
the Rhône Rift Valley confirm the importance of this archive
for reconstructing regional Eemian to Middle Pleniglacial
palaeoenvironmental changes. The obtained palaeoenviron-
mental reconstruction can be well correlated with other re-
gional 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 poly-
genetic 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 synsedimen-
tary pedogenesis; and, most prominently, a strongly trun-
cated Middle Pleniglacial (MIS 3) Calcic Cambisol, under-
lain 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 deposi-
tions 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 biotur-
bation, which are typical of the loess–palaeosol landscape
of the Rhône Rift Valley and challenge numerical dating
(Tricart, 1952; Bonifay 1965; Franc et al., 2017; Bosq et
al., 2018, 2020b). We performed an optically stimulated lu-
minescence (OSL) screening by applying a pIR60-BLSL125
and a pIR60-IR225 single-aliquot regeneration (SAR) pro-
tocol to minimally prepared polymineral coarse grains on
126 ca. 1 cm3 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 pro-
vide a realistic time corridor ranging from bottom to top
from MIS 5 into MIS 3, thus corroborating the field hy-
potheses 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 pedo-
genesis as well as material input by aeolian and/or slope-
wash processes. Finally, among the known LPSs along the
Rhône Rift Valley, the Baix LPS provides the most detailed,
dated palaeoenvironmental record of the Eemian to Middle
Pleniglacial landscape evolution. These promising results en-
courage continuation of the palaeoenvironmental analysis of
the Baix LPS.
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