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This contribution summarizes the most informative loess—palaeosol sequences (LPS) and fluvial terrace records from
thelate Middle Pleistocene (LMP) of northern France demonstrating the reliability of the cyclostratigraphic approach
for the interpretation of pedosedimentary sequences controlled by major glacial-interglacial climatic cycles. In this
area, continental mollusc assemblages from interglacial fluvial silts and calcareous tufas are particularly rich and
diverse and marker species define the malacological signatures of each interglacial optimum for Marine Isotope Stages
(MIS) 11, 9 and 5e. This approach shows that the forest was less developed during MIS 7, suggesting that climatic
conditions were either drier and/or cooler than during other Pleistocene interglacials. In the Somme basin, the terrace
system shows that two alluvial formations were deposited between early MIS 8 and late MIS 7. In some LPS, the
occurrence of two pedosedimentary sub-cycles (Ila and IIb), separated by a relatively long (~12 ka) and cold period,
corresponding to an ‘aborted glacial’ (MIS 7d), underlines the complex pattern of this unusual ‘interglacial’. Overall,
during the LMP, each soil complex corresponding to interglacial and early-glacial periods from MIS 11 to MIS 5 is
broadly made up of the same soil facies but exhibits a specific succession pattern or signature. Throughout the area,
LPS show a huge change in both the deposition rates and the geographical extent of typical calcareous loess at
the beginning of MIS 6. This so-called ‘Loess Revolution” probably reflects a change in the palacogeography of the
southern North Sea and eastern Channel source areas at times marked by the coalescence of the British and
Scandinavian ice sheets. MIS 6 is also characterized by the oldest evidence of permafrost development in the area. In
addition, this work allows the age of the Lower/Middle Palaeolithic boundary to be confirmed, with the oldest
occurrence of Levallois technology being around 300 ka.

Pierre Antoine (pierre.antoine@Igp.cnrs.fr) and Nicole Limondin-Lozouet, Laboratoire de Géographie Physique
(LGP), UMRS8591 CNRS-Université Paris I Panthéon-Sorbonne & Paris Est Créteil, 2 rue Henri Dunant, 94320 Thiais,

France, received 28th December 2023, accepted 2nd May 2024.

The late Middle Pleistocene (LMP) corresponds to the
period bracketed between the end of the Holsteinian and
the beginning of the Eemian interglacials that is known
as the Saalian or Saalian Complex (Cohen &
Gibbard 2011). In global deep-sea records (SPECMAP)
it encompasses the time interval between the end of
Marine Isotopic Stage (MIS) 11 (~374 ka) and the
beginning of MIS 5e (~130 ka). The two interglacial
periods that occur during this long time-span (244 ka)
show very different patterns: MIS 9 and MIS 7 (or
intraSaalian interglacials). Indeed, while the peak of MIS
9(9.3 0r9e~320 ka)isrelatively simple and short (~10 ka
as MIS 5e), MIS 7 is markedly longer (52 to 60 ka) and
more complex (including a 12-ka-long ‘aborted glacial’
labelled 7d). MIS 7 thus stands distinctively apart from
the last several interglacial cycles (Wendt et al. 2021).
Following the low-amplitude glacial Termination III
(TIIIb), MIS 7e was a relatively weak and particularly
short interglacial, followed by a return to glacial
conditions during MIS 7d (PAGES 2016). Glacial
conditions terminated with TIIla, which gave way to
a second interglacial with three distinct substages
(MIS 7c, b, a), the intensity of which was close to that
of the MIS 5a and 5c¢ interstadials of the early Last
Glacial period (Weichselian early-glacial).

DOI10.1111/bor.12662

In western Europe, the glacial-interglacial
climatic pattern is particularly well recorded in the
fluvial terrace systems and associated loess—palaeosols
sequences (LPS) of the Seine and Somme River basins
in northern France (Lautridou et al. 1999; Antoine
et al. 2000, 2007, 2019; Chaussé et al. 2000, 2004;
Limondin-Lozouet & Antoine 2006; Fig. 1). A similar
pattern is found on the other side of the Channel in the
Thames basin but without significant LPS cover (Bridg-
land 1994; Gibbard 1994; Bridgland & Schreve 2004).

In fluvial systems, interglacial deposits are particularly
well described in the chalky areas of the Paris basin and
southeast England where calcareous tufa deposits have
allowed the preservation of a rich set of bio-indicators on
which the reconstruction of palacoenvironments is based
(Antoine et al. 2006, 2024; Limondin-Lozouet &
Antoine 2006; Preece et al. 2007, Dabkowski 2014).
However, although MIS 11 and 5e are well represented,
MIS 9 and MIS 7 tufa sequences have not yet been clearly
proven and dated. The records of these last two
interglacial periods have been recovered from alluvial
sequences that have often been truncated by erosional
processes.

In terms of marine deposits, it is likely that in stable
areas MIS 7 beach deposits associated with relatively low
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Fig. 1. Location of late Middle Pleistocene loess—palaeosol sequences and fluvial interglacial sites cited in this study (loess map according to
Antoine et al. 2013, modified). Sites: SG = Sangatte; MC = Menchecourt; MT = Mautort; AR = Arrest; GA = Grace-Autoroute; EM =
Etricourt-Manancourt; SA = Saint-Acheul; CG = Cagny-la-Garenne; CR = Cagny-Rocade; GT = Gentelles; RV = Revelles, VA = Villiers-

Adam; TD = Therdonne; SE = Saint-Pierre-Les-Elbeuf; TV = Tourville;

LC = LaCelle; SY = Soucy; SI = Saint-Illiers-la-Ville; VN = Vernon;

BV = Biache-Saint-Vaast; AD = Ariendorf; KS = Kesselt; AH = Achenheim. (1) Loess; (2) sandy loess; (3) thin loess (<2 m, marginal areas); (4)

aeolian sands; (5) MIS 6 maximum ice extension.

sea levels (Siddal et al. 2003; Dutton et al. 2009,
Choudhury et al. 2020) were later eroded during youn-
ger highstands such as MIS 5e.

The sedimentary archives of the successive glacial
periods of the LMP are derived from both the loess and
various slope deposits of the LPS and from the fluvial
record where they correspond to thick sets of gravels and
sands that form the main body of the alluvial terraces
(Antoine et al. 2019). Loess, fluvial gravels and sands
associated with periglacial environments and with
high-energy braided river systems are very poor in terms
of fossil content.

Finally, it should be emphasized that the LMP was the
time of a major change in the Palaeolithic record of
western Europe (west of the Rhine River) at the
transition between MIS 9 and 8 at about 300 ka ago
when the last Acheulean industries (with handaxes) were
replaced by the oldest Middle Palacolithic, characterized
by the massive use of Levallois technology (Hérisson
et al. 2023).

The aim of this paper is to provide an overview of the
response of western European landscapes to interglacial
climatic forcing between MIS 11 and MIS Se, based on
the terrace systems of northern France and their
associated LPS, which constitute a particularly complete
record for the period under consideration. It begins with
a brief summary of the main western European terrace
sequences combining loess and fluvial terraces followed

by a quick presentation of the Somme and Seine terrace
systems.

Loess and fluvial terraces in western Europe: a
combined record of global glacial-interglacial
climatic cycles

In the great European plains, loess deposits represent the
largest and thickest correlative formations of the
successive glacial stages of the Quaternary (Pecsi 1990;
Haase et al. 2007; Lehmkubhl et al. 2016, 2021). In this
large area, LPS can reach a thickness of 20 to 60 m
downwind of the major rivers of central Europe such as
the Rhine, the Danube in Serbia and Bulgaria (Evlo-
giev 2007; Jipa 2014; Markovi¢ et al. 2015), or the
Dnieper in Ukraine (Lindner etz al. 2002; Dodonov
et al. 2006; Fedorowicz et al. 2013). Indeed, during
glacial periods large alluvial plains, characterized by
braided river systems that developed in cold and open
environments, were major sources of dust for deflation
and then for loess deposition (Antoine et al. 2003c).
Alluvial plains were sites of bare soils in which the
channelling of wind energy during storm events was able
to drift coarse sands on exposed slopes (Antoine
et al. 2001, 2019).

There is thus not only a very important genetic link
between loess and fluvial dynamics during the Quater-
nary (Smalley et al. 2009), but also a morphological
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link, as loess deposits have provided ‘cover deposits’ for
the successive alluvial sequences in the European stepped
terraces systems. LPS have long been recognized as
reference records of Pleistocene glacial-interglacial
cycles (Kukla 1977, Lautridou 1985; Markovic¢
et al. 2015; Antoine et al. 2020). Since the pioneering
works of Kukla (1977), the cyclic glacial-interglacial
climate signal, revealed by pedostratigraphic analysis of
the LPS, then quantified by magnetic susceptibility and
calibrated by palaecomagnetism, has been parallelized
with deep-sea records (Lisiecki & Raymo 2005).

This cyclostratigraphic approach (Hinnov 2013) has
been reinforced in thelast 30 years by **Ar/*°Ar dating of
tephra layers embedded into these LPS (Van den
Bogaard & Schmincke 1990; Horvath 2001; Fitzsim-
mons et al. 2013; Jensen et al. 2016), or more generally
by luminescence dating of silt particles from loess
(Frechen & Dodonov 1998; Markovi¢ et al. 2015;
Lomax et al. 2019).

In the major European river basins LPS preserved as
cover deposits of alluvial terraces have long been
considered as a reliable tool for relative dating of the
underlying fluvial deposits such as in the terrace systems
of the Danube (Kukla 1977), the Rhine (Brunnacker
et al. 1982; Demiret al. 2018), the Somme and the Seine
rivers (Bourdier 1974; Lautridou 1985; Lautridou
et al. 1999; Antoine et al. 2000, 2003c; Cliquet
et al. 2009; Antoine 2019) (Fig. 2).

In these last two river valleys, reference long LPS such
as Saint-Pierre-les-Elbeuf (Lautridou 1985; Cliquet
et al. 2009) and Cagny-la-Garenne (Haesaerts &
Dupuis 1986; Antoine 1994) show a pedosedimentary
record starting in the Middle Pleistocene around 400 ka.
In the Seine River, older LPS probably dating back to the
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Early Cromerian have been locally identified in deep
sinkholes in the Cretaceous chalk substratum (Iville V &
VI and Bosc-Hue VII: Lautridou 1985). In northern
France, a few sequences showing up to three interglacial
soils have been described but are no longer accessible.
Finally, in the Somme valley (Fig. 2), well known since
the end of the 19th century for its important role in the
emergence of Quaternary geology and prehistory (e.g.
Bahain & Antoine 2019), ‘old loess’ was mentioned at
the beginning of the 20th century on the Very High
Terrace (Commont 1909). During the last 30 years, an
unprecedented increase in the number of rescue archae-
ological excavations has led to the discovery of new
reference LPS in the Somme basin (Fig. 1): Mautort
(Antoine 1994; Antoine et al. 2000); Grace-Autoroute
(Antoine et al. 2003c, 2020); Cagny-Rocade (Tuffreau
et al. 1997; Antoine et al. 2021); Gentelles (Tuffreau
et al. 2017); Revelles (Lamotte et al. 2019),
Villiers-Adam (Antoine et al. 2003a) and finally
Etricourt-Manancourt (Hérisson et al. 2016; Coutard
et al. 2019).

Main features of the stepped terrace systems of
the Somme and Seine river valleys

During glacial periods, the palaeco-Seine and
palaco-Somme river valleys were tributaries of the south
bank of the Channel River, which flowed into the
Atlantic (Fig. 1). To the north the Somme River shows
a stepped Quaternary fluvial terrace system incised into
the Upper Cretaceous chalk. Generally protected by a
well-developed loess—palaeosol cover (up to 8 m thick),
this system consists of 10 stepped alluvial formations
extending between +5/6 and +55 m above the maximum
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Fig 2. Fluvial and the LPS cover sequences from the last 500 kain the stepped terrace system of the Somme basin (modified according to Antoine

etal.2007,2019).
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incision of the present-day valley into the bedrock.
The different bedrock steps and associated alluvial
formations can be traced along at least one 50-km-long
valley segment (Middle Somme) where they are sepa-
rated by sharpincision steps of 5to 6 minheight (Fig. 2).
The relative height of the contact between the successive
alluvial sequences and their respective bedrock steps can
thus be used to securely place the stratigraphic sequences
of regional reference sites and associated archaeological
layers within the Somme River system. Furthermore, in
the Somme valley, a multidisciplinary approach to
studying the fluvial sequences (stratigraphy, sedimentol-
ogy and palaeontology) has shown that each alluvial
formation corresponds to the morpho-sedimentary
budget of a glacial-interglacial cycle (Fig. 2). This
approach to investigating the system is strengthened by
the combination of several types of geochronological
data: electron spin resonance (ESR) dating of fluvial
quartz grains, ESR/U-series dating of large mammal
tooth enamel, thermal ionization mass spectrometry
(TIMS) dating on interglacial calcareous tufa and
palaeomagnetic data for alluvial Formation IX (Grace
Formation; Fig. 2).

The Somme River terrace system represents a model of
response to glacial-interglacial climate cycles in the
context of a slow uplift of the margins of the Paris Basin
(55 m for 1 Ma). Both the geochronological and
palaeoenvironmental contexts of this system are cur-
rently among the best established in Europe for the last
1 Ma, providing an accurate control of the chronology of
the archaeological data and a good basis for the overlying
loess—palaeosol sequences (Antoine et al. 2007, 2019).

The same stepped terrace patternisfound in the Middle
and Lower Seine Valley where the incision rate is also
close to 50-60 m for thelast 1 Ma (Lautridouet al. 1999;
Jamet 2014). Inthe Seine system the main differenceisthe
occurrence of two distinct bedrock steps for the Last
Glacial (Rouen I and Rouen II alluvial formations;
Fig. 3;Jamet 2014) whereas the Somme shows only one:
the ‘Bottom Valley Gravels’ (Fig. 2). Another pointis the
occurrence of two stacked interglacial fluvio-estuarine
sequences, dated to MIS 9 and 7, respectively, within the
Tourville sand and gravel formation (Lautridou 1985;
Balescu et al. 1997; Jamet 2014).

Despite 150 years of research this situation has never
been found in the Lower Somme valley, where estuarine
deposits have been suspected at Menchecourt, near
Abbeville (Bourdier 1969, 1974) but still never demon-
strated and dated. Thissituation could be due to aslightly
different large-scale tectonic background between the
twovalleys. Indeed, the Lower Somme is connected to the
eastern Channel, which is characterized by a relative
subsidence indicated by the preservation of thick
Tertiary deposits and stacked Quaternary fluvial forma-
tions, whereas the submarine Lower Seine Valley shows
stepped terraces fully incised into the secondary lime-
stone bedrock, in continuity with the different alluvial
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formations distinguished upstream of the present
estuary (Benabdellouahed et al. 2013).

Middle Pleistocene MIS 11, 9 and 7 interglacial
records from river systems

In slope deposits, interglacials are represented by
well-developed decalcified palacosols that lack bio-
proxies, thus palacoenvironmental reconstructions of
temperate periods should therefore be sought in fluvial
sequences where calcareous and/or organic deposits may
be present and favour the preservation of palaecontolo-
gical remains. However, research carried out in both the
Somme and Seine valley basins has demonstrated that
peat layers from the Middle Pleistocene, if any, are rarely
preserved (Antoine et al. 2007). Temperate episodes are
mostly represented by fine sandy and silty deposits,
which sometimes are overlain by calcareous tufa
formations. In these sedimentary contexts, palynologi-
cal contents are poorly preserved, and mammalian
faunas associated with archaeological levels can provide
palaeoenvironmental snapshots, but the most suitable
and continuously preserved bioproxy allowing the
reconstruction of Middle Pleistocene interglacial
dynamics are malacofauna (Limondin-Lozouet & Pre-
ece 2014). Malacological studies have shown that
thermophilous species can reappear in sandy and silty
levels that form the upper part of fluvial aggradations
but full interglacial conditions represented by the
development of closed canopy environments are only
recorded within calcareous tufa sequences (Rousseau
et al. 1992; Antoine & Limondin-Lozouet 2004,
Limondin-Lozouet & Preece 2014).

The sandy and silty phases are located on the alluvial
plain and, if their limestone content is good, they provide
well-preserved malacofauna, which can be quite abun-
dant. Theseriparian environments are often made up of a
mosaic of biotopes, ranging from aquatic habitats to
wooded areas and various more or less humid open areas.
The Quaternary malacocenoses, fossilized by sand and
silt deposits, reflect the juxtaposition of these different
micro-environments. They form heterogencous assem-
blages in which aquatic, marshy, wooded and even
xerophilous species can be found side by side. Certain
thermophilic elements in these faunas clearly indicate a
temperate climate, but the variety of environmental
contexts sometimes makes it difficult to identify a precise
phase in the interglacial dynamics. Furthermore, low-
land sand and silt sequences are often subject to
reworking and/or erosion, thus disrupting the malaco-
logical record of environmental change.

Calcareous tufa deposits, on the other hand, have
several major advantages. They fossilize a wide variety of
biological communities in situ, allowing a range of
biological indicators to be compared on records with few
disturbances due to sedimentary hiatus or reworking.
The successive malacocenoses of the tufas are much more
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Fig 3. Transect of the Seine River terrace system in the lower area around Saint-Pierre-les-Elbeuf, including position and simplified
stratigraphy of the Tourville Low Terrace formation (redrawn according to Jamet 2014 and Lautridou 1985).

homogeneous. It is often possible to identify the part of
the interglacial to which they correspond. Due to their
lithological characteristics, calcareous tufas are
extremely suitable for the establishment and develop-
ment of malacological populations. They are therefore
the best and most regularly preserved group of fossils in
such deposits. This observation makes the malacological
approach particularly important in the study of temper-
ate phases, because the climatic optima of interglacial
periods in fluvial environments are only before repre-
sented in these contexts. Finally, tufas can be dated
directly from calcite by several methods (radiometric,
luminescence), allowing the establishment of an accurate
chronology for these formations (Dabkowski 2014).

However, tufas are not equally preserved for each
interglacial. In the study area, the best records are from
MIS 11, MIS 5e and MIS 1. They have provided the
framework for malacological successions that allow
the reconstruction of interglacial dynamics as well as
the identification of malacological signatures specific to
each interglacial. These are based on the presence of
species that are either extinct or no longer living in the
region studied, and whose occurrence in the successions
depends on the distance from the refuge areas, following
a similar pattern during the interglacial periods from the
Iberian Atlantic to the central and finally the south-
ern European  refugia  (Limondin-Lozouet 2011;
Limondin-Lozouet & Preece 2014). The following
review of interglacial malacological records from the
Somme and Seine basins obtained in tufaceous and
fluvial deposits (Fig. 4), is supplemented where available
by data from other bioproxies.

MIS 11 record: a framework for Middle Pleistocene
interglacial dynamics

MIS 11 malacological record should be briefly mentioned
as a comparative basis for assessing the evolution of
malacocenoses during Middle Pleistocene interglacials.

In the Somme, two MIS 11 series are known at Arrest
(Rousseau et al. 1992) and near Amiens combining data
from Saint-Acheul and Cagny-la-Garenne (Antoine &
Limondin-Lozouet 2004; Limondin-Lozouet &
Antoine 2006) (Fig. 2). In the Seine valley, three tufas
have been studied at Vernon, Saint-Pierre-les-Elbeuf
(Fig. 3) and La Celle (Rousseau et al. 1992; Cliquet
et al. 2009; Limondin-Lozouet et al. 2020). Thelatteris
by far the most important reaching 9 m in thickness and
providing an almost complete sequence of the environ-
mental evolution during MIS 11c¢ (Limondin-Lozouet
et al. 2020). The malacofauna is extremely rich with
more than 90 species. The malacological succession is
divided into four zones showing an early marshy
environment with thermophilous pioneer species (zone
1), then the emergence of the coniferous forest environ-
ment (zone 2a), the shift to deciduous tree cover and its
progressive expansion (zones 2b and c¢) until a maximum
development during the optimum (zone 3: forest snails
accounting for 60-70% of the mollusc population) and
its retreat at the end of the Interglacial (zone 4). The La
Celle sequence is the only one that allows an in-depth
observation of the establishment of the ‘Lyrodiscus
fauna’, which is present in all MIS 11 malacological
successions from northern France and southwestern
England tufas (Limondin-Lozouet & Preece 2014). This
particular forest assemblage includes several extinct
snails and a number of species outside their modern
range of Atlantic, central and southern European origin,
making it a recognized biostratigraphic marker for
the MIS 1lc series in northwestern FEurope
(Limondin-Lozouet 2017). In fact, the malacological
sequence at La Celle serves as a model for the placement
of the other, shorter sequences within the dynamics of the
interglacial period (Limondin-Lozouet et al. 2020). In
addition to reconstructing environments, it provides a
means of relative dating that is inaccessible to radiomet-
ric methods for such an ancient period
(Limondin-Lozouet et al. 2015). The dense, humid
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forest biotope revealed by the Lyrodiscus assemblage is
complemented by botanical data. Leaf imprints col-
lected at La Celle indicate the presence of several
southern trees (Buxus, Ficus, Celtis) at the time of the
forest optimum. Furthermore, the remains of Cervus
elaphus, Equus sp. type Hoxne, Macaca sylvanus, and
Hippopotamus incognitus confirm the particularly tem-
perate nature of this period (Auguste 2009). Finally,
geochemical data measured on tufa calcite demonstrate
that MIS 11c in the Paris Basin was warmer and wetter
than both the Holocene and the Eemian (Dabkowski &
Limondin-Lozouet 2022).

MIS 9: Soucy ( Yonne valley, Seine Basin)

No tufa deposit has yet been discovered for the MIS 9
interglacial in the Paris Basin. This temperate episode is
only recorded in the fluvial sequence at Soucy in the
Yonne valley (Fig. 1). The alluvial deposits, with a
maximum thickness of 6 m, are composed of coarse
gravel with flint pebbles at the base (4 m thick), cut by
several palaecochannels filled by 0.5 to 2 m thick fine
fluvial sandy-silt layers. In the Yonne stepped terrace
system, the Soucy alluvial formation overlies the fifth
step above the maximum incision of the present valley

and can therefore be allocated to the Middle Pleistocene
(Chaussé et al. 2000, 2004). Several ESR dates obtained
on the coarse gravel together with amino acid measure-
ments on shells from the sandy beds, converge in
attributing this sequence to MIS 10 and 9 (Chaussé
et al. 2000, 2004). Malacofaunas were sampled on six
profiles within the fine sandy-silt deposits. The 37
samples yielded a rich fauna comprising 63 species,
divided into 40 terrestrial snails and 23 aquatic species
(Limondin-Lozouet 2001). This high level of diversity,
together with the occurrence of several strictly ther-
mophilous snails, allowed an interglacial context to be
established. A few species out of their modern range
occur at Soucy, most of them being forest snails of
central European origin. There is also a notable
extinct forest taxon Aegopis klemmi, recorded for the
first time in western Europe, which was previously
known only from Middle Pleistocene sites in central
Europe, always under interglacial climatic conditions
(Limondin-Lozouet 2001).

The four biozones of the malacological succession
describe a composite landscape of wooded and open
areas evolving towards a more open environment. Zones
Scyl and Scy2 correspond to the maximum diversity of
biotopes and the occurrence of A. klemmiis restricted to
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zone Scy?2, which provides the best development of the
forest group (up to 26% of the mollusc population). Inthe
next two biozones (Scy3 and 4), the sharp decrease in the
number of species and their distribution in a smaller
number of ecological groups indicate more open and
uniform environments. Several studies have shown that
malacological associations in valley bottoms are never
extremely rich in forest molluscs, even during the
warmest phases of interglacials (Kerney 1971; Gilbert-
son 1980; Green ef al. 1996; Sommé et al. 1996).
According to this observation, the fauna of Soucy
biozone 2 could correspond to the interglacial optimum.
Furthermore, although the fine fluvial sequence at Soucy
does not show any major stratigraphic discontinuity, the
abrupt transition from the coarse basal gravel to the
overlying sandy-silt deposits (without any grain size
gradient) implies the existence of a major hiatus between
these two formations (Chaussé et al. 2000). It is likely
that a large part of the sediments contemporary with the
temperate phase was evacuated during periods of fluvial
activity. In this context, the evolution of the landscape
towards greater openness, as revealed by the malaco-
fauna of Soucy, suggests correspondence with the end
of the forested period of the MIS 9 interglacial
(Limondin-Lozouet 2001).

Six Early Palaeolithic settlements were included in the
Soucy deposits. The best-preserved and most abundant
mammalian faunas are contemporaneous with the Scy?2
mollusc zone, the main taxa being Cervus elaphus, Equus,
Bos primigenius, Megaloceros, Dicerorhinus mercki,
Palaeoloxodon antiquus and suggest a mixed environ-
ment of clear forest and open spaces under temperate and
continental conditions (Chaussé ef al. 2004; Lhomme
et al. 2004).

In the Somme basin, the MIS 9 interglacial is locally
represented in a lens of fluvial calcareous silt overlying
the gravels of the Alluvial Formation IV of the Somme
system (Epinette Formation: Fig. 2). This layer, dated at
about 280-300 ka by ESR on fluvial quartz grains and
ESR-U/Th combined on large mammal teeth (Bahain
et al. 2007), has yielded a large mammal assemblage
including in particular Cervus elaphus and Dama sp.
(Auguste 2009). Malacological data are not available for
this site.

MIS 7: Biache Saint-Vaast, Tourville-la-Riviere and
Longpré-les-Corps-Saints

Biache-Saint-Vaast. — At Biache in the Scarpe valley
(Fig. 1), the succession consists of a fluvial sequence
(gravels, coarse sands and tufa) overlain by slope deposits
(solifluction silts, loess) (Sommé 1978; Tuffreau &
Sommé 1988). Two episodes of Neanderthal occupation
associated with mammalian faunas occur in the upper
part of the fluvial units and in the solifluction deposits,
which also contain pollen data (Munaut 1988;
Auguste 2009). The main archaeological level at the

top of the fluvial formation has been well dated to MIS 7
(Bahain et al. 2015; Coutard et al. 2019) but given the
distribution of dates and their margins of error, a more
precise attribution within this chronological interval is
not possible.

Molluscs were present throughout the sequence
(Rousseau & Puisségur 1988). In the basal coarse sand
although shells are in poor condition, an abundant
population of the thermophilous bivalve Corbicula
[fluminalis, diagnostic of Pleistocene interglacial deposits
in northwestern Europe (Meijer & Preece 2000), was
recovered. The pollen spectrum was too disturbed for
environmental interpretation, but temperate trees are
particularly well represented (Munaut 1988). The 2-m-
thick silty tufa that forms on top of the sand contains
highly aquatic faunas, revealing a marshy environment
and cool conditions. At its very top and in the overlying
clay soil, the mollusc fauna becomes terrestrial. It is
diversified (36 species), dominated by open-ground
species, but also contains a fraction of thermophilous
snails (up to 10.5% of the mollusc population in the top of
the tufa) indicative of wooded habitats, suggesting a
climatic improvement. In the first part of the tufa, tree
pollenis rare and grasses predominate. In its upper parta
mosaic landscape of open forest, in which Quercus is well
represented, and steppe-like patches is reconstructed
from pollen. Both indicators record an episode of
climatic improvement with its optimum at the top of the
tufa and characterize it as an interstadial of temperate
continental climate (Munaut 1988; Rousscau &
Puisségur 1988). The mammalian fauna associated with
the contemporaneous archaeological layers indicates a
wooded parkland prairie under a temperate and humid
climateand isdated to MIS 7 (Biozone 24; Auguste 2009;
Fig. 4). The subsequent solifluction deposits yield
malacological assemblages that have lost their most
thermophilous elements indicating a cooling while the
palynological contents show a landscape evolution
towards steppic conditions, with some tree patches
remaining (Pinus, Betula). The second episode of
archaeological occupation is characterized by a less
diverse mammalian fauna, pointing to the coldest and
driest climatic conditions assigned to the end of MIS 7
(Auguste 2009).

At Biache, both molluscs and pollen indicate the
occurrence of the most thermophilous elements in the
basal gravel unit. The presence of Corbicula fluminalis is
animportant element in the classification of this climatic
episode as an interglacial. In the subsequent fluvial
deposits molluscs and pollen indicate a temperate period
of interstadial rank contemporaneous with the Nean-
derthal skulls level dated to MIS 7. A second milder
period of less intensity is indicated by the molluscan
fauna in the lower part of the slope deposits, while the
palynological contents describe an open landscape with
few trees. The structure and composition of the
assemblages from this last episode are very similar to
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those of the early Weichselian (MIS 5d to 5a) malaco-
fauna observed in the region (Antoine et al. 1995; Locht
et al. 2013).

Tourville-la-Riviere. — The thick Saalian alluvial
sequence at Tourville-la-Riviere in the Seine valley
(Figs 1, 3) is composed of two periglacial gravel sheets
(layers A and C) including fluvio-estuarian deposits of
MIS 9 age (layer B), overlain by sand and silt levels (D),
laminated sands (E) and capped by periglacial deposits
(layers F-K) dated to MIS 7 (Balescu et al. 1997,
Lautridou et al. 1999; Coutard 2023). Silty sands of
level D are divided into three subunits (D1, D2, D3),
which yielded malacofauna (Puisségur 1983; Limondin-
Lozouet & Moine 2023). Mammal remains associated
with Neanderthal occupations have been recovered from
subunits D1 and D2 (Auguste 2009, 2023).

All but one of the 32 mollusc species in the Tourville
assemblages are terrestrial. In level D1 the diversity and
richness of snail populations are balanced, indicating
stable environmental conditions. These faunas contain
species from open environments, but also up to 43% of
thermophilic snails typical of forested areas in the upper
part of the deposit. This significant development of
demanding species is interpreted as reflecting an
interglacial optimum (Puisségur 1983). The DI top
sample and the whole D2 level provide assemblages that
mark a significant environmental change. The number
and diversity of forest taxa are in sharp decline (10%),
and only the populations of the most resilient species in
this group, those that were present at the beginning of the
interglacial recolonization (Aegopinella nitidula, Cepaea,
Arianta arbustorum), are still present. At the same time,
the number of molluscs living in open environments has
exploded: Pupilla muscorum, the most abundant species
in cold periods, Trochulus hispidus, Vallonia, character-
istic of transitional climates, as shown in the malacolog-
ical model of the Weichselian Lateglacial, and Arianta
arbustorum  (Limondin-Lozouet & Moine 2023).
Together, these assemblages are very well adapted to late
interglacial/early-glacial climates. In D3, the assemblage
is similar to those of in D2, with an increase in Pupilla
muscorum and Succinella oblonga, which are able to
withstand the cold and wet phases. This fauna clearly
reflects an early-glacial climate. The high level of
development of forest snails in unit D1 (up to 43% of
the mollusc population) suggests a possible correlation
of D1 with the most pronounced temperate episode of
MIS 7e.

Detailed list of mammal faunas shows the same
transition from interglacial to glacial conditions
(Auguste 2023). Level D1 contains a fauna of temperate
climate indicating a mosaic landscape of sylvo-steppe
and marshes, assigned as in Biache to Biozone 24 at the
end of MIS 7 (Auguste 2009). In level D2 the fauna is
representative of a more open environment in an early-
glacial context (Auguste 2023).

BOREAS

Longpré-les-Corps-Saints. — In the Somme valley, the
tufa of Longpré (Fig. 1) has been the subject of
geomorphological, sedimentological malacological and
palynological studies (Sommé et al. 1984). The tufa
(1.3 m thick) rests on a greenish hydromorphic marshy
soil with shells. This alluvial sequence is then partly
eroded and covered by a non-calcareous clayey humic
horizon of Grey-forest soil (Fig. 5).

Malacological results indicate a terrestrial assemblage
in the basal palaeosol describing an open forest and then
a marshy environment dominated by aquatic taxa in the
tufa, but detailed malacological data are not given
(Sommé et al. 1984). Pollen spectra were poorly pre-
served in the tufa. In the marshy and upper Grey-forest
soils surrounding the tufa, palynology indicates cold
climate plant formations.

A new unpublished malacological analysis was later
carried out and is summarized in Fig. 5. Samples were
taken at 10-cm intervals in the basal soil and within the
tufa. The faunas are diverse (58 species, including 37
terrestrial taxa) and very abundant. In the tufa, the
assemblages are dominated by aquatic molluscs, among
which Belgrandia marginata, a spring species character-
istic of Pleistocene interglacial deposits in western
Europe (Limondin-Lozouet & Preece 2014), is well
developed (Fig. 5). Land snails outnumber aquatic
molluscs only in the basal sample but their high
abundance throughout the tufa suggests the proximity
of their native biotopes around the water body.
Terrestrial assemblages were therefore studied separately
to facilitate the reading of environmental changes
(Fig. 5). The constant presence of forest snails indicates
a temperate climate. Two environmental phases can be
identified. The basal marshy soil assemblages contain
taxa characteristic of pioneer temperate environments
(Discus ruderatus and Clausilia dubia). In the tufa, Discus
rotundatus becomes more abundant, indicating the
development of a deciduous forest. The replacement of
D. ruderatus by D. rotundatus is a characteristic feature
of the early part of the interglacial malacological
successions in the study area, indicating the transition
from coniferous to deciduous forest (Limondin-
Lozouet 2011). In the first part of the tufa the landscape
recorded by the land snail populations can be described
as a wetland bordered by open forest. Due to the local
conditions, the forest fraction of the fauna remains
modest in number, but its diversity (14 species) implies
interglacial climatic conditions. In the upper part of the
tufa the expansion of the marsh causes the disappearance
of strictly forest species and greatly reduces the number of
terrestrial species (Fig. 5). Whether this environmental
change reflects the deterioration of climatic conditions
remains hypothetical.

The Longpré tufa has been assigned to MIS 7 on
morphostratigraphic grounds (Antoine 1990; Fig. 2).
New malacological analyses show pioneer forest assem-
blages in the lower soil. In the tufa, the faunas, although

25UB01 ] SUOLUWIOD BAIRBI0) 3 et dde au) Ad PeuBA0B 8.2 SO ILE O 88N J0 SN J0J ARiq178UIIUO AB|IA UO (SUO1IPUCO-PUE-SUWLBYWI0D"B] W AZRc] 1B 1|U0//Schiy) SUONIPUOD PUe Wi 18U} 885 *[202/20/GT] U0 AXiqi78uIluO 5|1 ‘S0UeIH BLRIR0D Ad Z99ZT J0U/TTTT OT/I0p/w00" 3|1 ARIqIpUIUO//SAIY WO POpeO|uMOQ ‘0 ‘SBBEZ0ST



BOREAS Late Middle Pleistocene glacial-interglacial records, N France 9
w
2 0
2 8 W Forest [IMesophilous
3 g ' Belgrandia [Osemi-forest [ Hygrophilous
< B Aquatic marginata [Jopen-ground [M Palustrine
1
1
1
1 Marsh extension
1
10
9
8
7
6
5
T Deciduous forest
4_ Discus rotundatus
b
2_ Pioneer forest
i Discus ruderatus
=S i I [rrrrpTTTT Clausilia dubia
200 1000 2000 50 100% 0 10 20% O 50 100%

Number of shells  Total faunas

Land snails

Fig. 5. Longpré-les-Corps-Saints: summarized malacological data. 1 = clayey humic soil horizon (Grey-forest soil); 2 = calcareous tufa;

3 = greenish marshy soil; 4 = fluvial calcareous sandy silt.

strongly influenced by local humid conditions, include a
community of deciduous forest snails indicating an
interglacial climatic context. However, the Longpré
assemblages contain none of the diagnostic Eemian
forest taxa identified at Caours, where the last intergla-
cial reference malacological succession is defined
(Limondin-Lozouet & Preece 2014). This observation
is consistent with a MIS 7 age. U-series dating of mollusc
shells and tufa material is in progress in order to validate
this interpretation.

Late Middle Pleistocene pedosedimentary
sequences

The aim of this section is to summarize the main features
of seven of the best slope sequences from northern
France encompassing the LMP: (i) Grace-Autoroute, (ii)
Cagny-Garenne, (iii) Gentelles, (iv) Mautort and (v)
Etricourt-Manancourt for the Somme basin; (vi) Saint-
Pierre-les-Elbeuf for the Seine River and (vii) Villiers-
Adam for the Oise River (Fig. 1).

Grace-Autoroute reference record (Fig. 6A)

The long section of Grace-Autoroute (Fig. 1), discov-
ered and studied in 1994 during the excavation of the A-
16 Paris—Amiens—Boulogne motorway trench, shows a
long LPS overlying an alluvial formation corresponding
to the oldest unit of the Quaternary stepped terrace
system of the Somme River (Alluvial Formation X or

Grace-Autoroute, relative altitude: +55 m, Fig. 2).
These fluvial deposits, dated between 0.9 to 1 Ma by
ESR and ESR/U-series (Bahain et al. 2007, 2010), are
covered by a LPS exposed in a trench about 250 m long
corresponding to a total thickness of more than 20 m
(Antoine et al. 2020, 2021). The Grace-Autoroute slope
sequence thus represents the longest sub-continuous
record of the Middle Pleistocene in both northern
France and western Europe (Antoine et al. 2020, 2021).
The LPS is composed of superimposed lenticular slope
sub-sequences (silty sands then loess), separated by
erosion discordances; each sub-sequence being termi-
nated by a Bt horizon of brown leached palaecosol. The
pedosedimentary and cyclostratigraphic approach leads
to the distinction of eight successive glacial-interglacial
cycles, three of which correspond to the LMP.
Combined with ESR on quartz ages from the underlying
alluvial sands, the cyclostratigraphic approach allows a
correlation with global palaeoclimatic records showing
that the oldest slope sediments were deposited at the
beginning of the Cromerian Complex (MIS 18). The
glacial-interglacial cycles recorded in the Grace-
Autoroute section are summarized below (Fig. 0A,
Data S1).

Cycle I. — After the erosion of the top of the Bt horizon of
the Grace IV soil assigned to the MIS 11 interglacial
(U7a), Cycle I begins with the formation of a humic soil
complex on colluvial sandy silts during the transition
between MIS 11 and MIS 10 (U7b to 7d). As during the
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Weichselian early-glacial, the humic soil complex (‘Grace
1V Soil Complex’) has recorded a step-by-step evolution
of the climate and environment from a temperate
continental climate with boreal forest (Grey-forest soil
7b) to colder but especially drier and more continental
conditions (steppe soils 7c, 7d). Full glacial conditions are
then attested by the deposition of sandy loess of U§, and
the return to oceanic interglacial conditions at the end of
Cycle I is marked by the formation of the brown leached
soil (Bt horizon) of U9a, b.

Cycle II. — The second cycle begins with an erosion event
that truncates the top of the previous Bt horizon marked
by a thin gravel bed (Cx) and then goes on with the
deposition of the homogeneous sandy loess of U10. The
end of the cycle corresponds to a new interglacial period

recorded by the formation of the Bt horizon of brown
leached soil Grace II. According to the cyclostrati-
graphic analysis of the full Grace LP record, this horizon
would represent the whole MIS 7.

Whereas Cycles I and IT are relatively well developed in
the Grace-Autoroute section, the following cycles are
rather more compressed because the sedimentary trap is
almost totally full at that time.

Cycle I1I. — The third cycle begins again with the erosion
of the upper part of the previous interglacial soil and
continues with the deposition of typical loess. However,
due to the low thickness of this deposit, it was later
completely decalcified during the formation of the brown
leached soil during the Last interglacial (Bt horizon
Grace I, Eemian).
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Weichselian—Holocene cycle. — The last climatic cycle,
corresponding to the Weichselian—Holocene succession,
is weakly developed in the Grace sequence. It is mainly
attested by the occurrence of a well-developed polygonal
network (2 to 3 m) of soil veins (up to 1.5 m deep),
infilled with dark grey humic soil material such as at
Gentelles for example (see below), or in Saint-Acheul
(Antoine 1990). Strong erosion events on the slope (cx)
are probably responsible for the weakness of the record of
the last glacial period. The end of the cycle is recorded by
the brown leached soil Bt horizon of the Lateglacial-
Holocene topsoil.

Cagny-la-Garenne

The Cagny area located on the left bank of the Avre, just
before its confluence with the Somme to the southwest of
Amiens (Fig. 1), is characterized by the exceptional
preservation of the various alluvial deposits forming
the Middle Terrace Complex and associated loess
cover (Bourdier 1974; Haesaerts & Dupuis 1986;
Antoine 1990). For more than a century, it has yielded
famous Acheulean sites such as Cagny-la-Garenne,
Cagny-Cimetiere and Cagny-L’Epinette. The profiles at
Cagny-la-Garenne are best known from the work of
F. Bourdier (Bourdier 1969, 1974). This work has
subsequently been supplemented by stratigraphic and
micromorphological studies focusing mainly on the
cover sequence (Sommé ef al. 1984; Haesaerts &
Dupuis 1986; Van Vliet-Lano¢ 1989; Antoine 1990).
Recent research carried out on the malacological
assemblages of fluvial units has revealed a MIS 11 record
that can be linked to that of the Saint-Acheul sequence,
where it was first discovered (Limondin-Lozouet &
Antoine 2006). The glacial-interglacial cycles recorded
in the Cagny-la-Garenne section are summarized below
(Fig. 6B, Data S1).

Cycle I. — Overlying the calcareous fluvial silts dated to
the MIS 11 interglacial using ESR dating on quartz, the
LMP cover sequence begins with the deposition of a
sandy silt layer interbedded with gravel beds and
cryogenic features (SLC). This is followed by the
deposition of a thick lens made up of chalk blocks and
flint nodules packed in a chalk mud matrix (the ‘Presle’
of former authors). A period of deep weathering of this
chalky periglacial deposit is then recorded in a thick
horizon of dark brown ‘chocolate’ clay (ARG) formed
during an interglacial period that correspond to MIS 9
(Haesaerts et al. 1984; Antoine 1990).

Cycle II. — Cycle II begins with the deposition of lenses
of solifluction clayey gravels and sandy silts with a very
high sand content at the base (50%), which then
gradually decreases (GSL1 to SL3). The heavy mineral
assemblage is dominated by ubiquitous minerals (rutile,
zircon) and epidote, as in fluvial sands. According to the

micromorphology and geometry of the different units,
this part of the sequence corresponds to two different
pedosedimentary sub-cycles that can be assigned to the
MIS 7 interglacial complex (‘Cagny Pedocomplex’;
Haesaerts e al. 1984).

«  Sub-cycle Ila. Deposition of silty sands and solifluc-
tion gravel beds SL1 to GSL2 reworking the brown
clay developed at the top of the ‘Presle’ in a periglacial
context evidenced by mass solifluction and cryotur-
bation. This first cold and wet period is followed by a
first phase of interglacial pedogenesis marked by the
formation of a reddish-brown Bt horizon with a
strong prismatic structure and yellow then yellowish-
brown clay coatings (SL2; Van Vliet-Lanoé 1989).

o Sub-cycle IIb. Deposition of the silty sands and
solifluction gravel beds GSL3 to SL3 during a strong
climatic degradation, followed by the formation of a
brown leached soil (SL2) evidenced by yellow clay
coatings affecting SL3, but less developed than the
previous one.

According to thermoluminescence (TL) ages of the
overlying calcareous loess (Balescu & Tuffreau 2004)
and the cyclostratigraphic analysis of the Garenne LMP
sequence, Sub-cycles I1a and IIb respectively represent
the pedosedimentary budget of: MIS 8/MIS 7e¢ and MIS
7d/MIS 7Tc-a.

Cycle III. — The beginning of the next climatic degrada-
tion, assigned to early MIS 6, is marked by a new erosion
event characterized by the deposition of gravel beds and
colluvial sandy loess locally preserved in a channel
truncating the previous sequence (GSL4, SL4). This
event is followed by the deposition of the first typical
loess, initially non-calcareous (LAS), then calcareous
(LAC) separated by a gravel bed and deep erosional
features (thawing channels). LAC unit contains a Pupilla
fauna typical of steppic loess environments. Heavy
mineral assemblages from these loess layers are charac-
terized by green hornblende and garnet in increasing
proportions from the base of the LAS to the top of the
LAC, in contrast to the previous deposits where green
hornblende is never observed. LAC and LAS loess units
have been dated to 129+12 and 190£29 ka, respectively,
using infrared stimulated luminescence (IRSL) (Balescu
& Tuffreau 2004).

Weichselian—Holocene cycle. — As in other sites where
the sediment trap is already filled at the end of the
Eemian, the last glacial-interglacial cycle is represented
here only by a weak humic soil complex (LRH), then by
an undifferentiated loess body (LR), finally topped by
the Bt horizon of the topsoil (TS).

According to Haesaerts & Dupuis (1986), Balescu &
Tuffreau (2004) and Antoine et al. (2021), the whole
LPS, which overlies the fluvial sequence of the Middle
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Terrace at Cagny-La-Garenne (~9 m thick), corre-
sponds to the late Middle Pleistocene and to the
succession encompassing MIS 10 to MIS 6. The two
major phases of loessic deposition are separated by the
intra-Saalian interglacial complex, which here is repre-
sented by two distinct climatic improvements (Bt
horizons) separated by a cold phase corresponding to
the ‘aborted glacial’ of MIS 7 (7d) and to GSL3-SL3
stratigraphic units.

Gentelles

The Gentelles sequence was studied on a 200-m-long
section excavated in 1998—-1999 on the route of the A-29
motorway (Amiens-Saint-Quentin). These earthworks
crossed several large sinkholes opening up on the surface
of the chalk (~45 m in diameter for a depth of 8.5 m for
the largest). During the archaeological excavation,
several Palaeolithic levels were discovered and studied
(Tuffreau et al. 1997). In addition, the dating of a few
horse teeth found in the sandy layer (Sbj) using the ESR-
U series allowed the assignment of the immediately
underlying humic soil horizon, named ‘Gentelles Soil’,
to late MIS 7 to be confirmed. The successive glacial—
interglacial cycles recorded in the Gentelles section are
summarized below (Fig. 6C, Data S1).

Cycle I — In the deepest part of the sinkhole, the
sequence begins with the deposition of orange-brown
silty-clayey sands (Slo), which have the characteristics of
a Bt horizon of brown interglacial leached soil developed
on sandy silts (SIj). This soil is later influenced by a phase
of deep seasonal frost and strong terminal hydromorphy.
The Slj-Slo sequence corresponds to a relatively poor
budget of a first glacial-interglacial cycle attributable to
the MIS 10 to MIS 9 succession, according to the
cyclostratigraphic analysis of the overlying pedosedi-
mentary succession and numerical ages.

Cycle II. — The sinkhole then trapped a 2-m-thick
sequence of grey sandy silt with oxidation traces (Slg)
including coarse flint gravel beds with a clayey sandy
matrix. This climatic deterioration culminates in the
development of a series of laminated sands with
concentrated runoff structures including thin beds of
pure clay. The brown leached soil (Lsab) that develops at
the top of the previous sequence represents a new phase
of environmental stabilization and an interglacial period
(MIS 7).

Cycle Il — After anew climatic degradation, marked by
the erosion of the Bt Lsab and by the deposition of
colluvial sandy deposits, a thick grey-black humic soil
horizon has developed (Lsan). The ESR dating of horse
teeth from the sand layer (199420 ka; Bahain
et al. 2015), and the IRSL ages of the overlying loess
(194421 ka; Balescu & Tuffreau 2004) both support the
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allocation of this soil horizon to the transition between
MIS 7 and MIS 6 in accordance with the characteristics
of the horse teeth collected in the sandy layer (Auguste in
Tuffreau et al. 2017). The so-called ‘Sol de Gentelles’ is
thus located at the beginning of the penultimate glacial—
interglacial cycle (Cycle III) in the same stratigraphic
position as other humic horizons described in northern
France LPS such as at Mautort (Antoine 1990); Villiers-
Adam (Antoine et al. 2003a) and  Etricourt-
Manancourt (Coutard et al. 2018). This isohumic
steppe soil (Ah horizon) is then penetrated by deep sand
wedges (~0.7 m depth for 5 cm at the opening) filled with
yellow aeolian sands (Fig. 7A). In some areas large
cryoturbation ‘pockets’ infilled by calcareous loess
separated by cryo-injected humic soil Lsan are observed
(Fig. 7B). These features undoubtedly indicate that
permafrost first appeared in early MIS 6, as in the
Mautort and Garenne sequences. The cold period
corresponding to MIS 6 is then characterized by both
the deposition of the first calcareous loess (Lbg) and the
first major permafrost event. This calcareous loess, dated
to 194421 ka using IRSL on feldspar (with fading
correction), is capped by a typical Bt horizon of brown
leached soil (Lbap), formed mainly during the Eemian
(MIS Se), but also partly during MIS 5a—5d, as shown by
the occurrence of superimposed stratified clayey-humic
to silto-humic coatings (polygenetic soil horizon).

Weichselian—Holocene cycle. — As the sinkhole was
completely filled in at this time, the Last Glacial is
recorded here only by the presence of a large network of
humus-filled frost cracks (Lhgs), corresponding to those
classically observed at the beginning of the Weichselian
glacial (‘soil veins’) (Lautridou 1985; Antoine 1994;
Antoine et al. 1999). Topsoil pedogenesis is here super-
imposed on the complex Bt horizon of Cycle III.

Mautort

Deep excavations (up to 13 m in the S1 test pit) carried
out in 1988 at Mautort on the route of the A-28
motorway near Abbeville (Fig. 1), on the left bank of
the Somme River, revealed a thick loess—palacosol
sequence overlying an alluvial sequence corresponding
to the fluvial record of MIS 10 and MIS 9
(Antoine 1994). In addition, Mautort was the site where
it was possible, for the first time in northern France, to
detect a two-folded soil complex corresponding to the
MIS 7 interglacial including two distinct Bt horizons
separated by a 0.5-m-thick loess deposit (Antoine 1994).
The successive glacial-interglacial cycles recorded in the
Mautort section are summarized below (Fig. 8A,
Data S1).

CycleI. — AtMautort,dueto the presence of two distinct
Bt horizons (U14 and U12) separated by a colluvial
sandy loess (U13), the first cycle from the late Middle
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Fig. 7. ‘Gentelles soil’ and permafrost features. A. Frost crack with sandy infilling (Sbj) ‘sand wedge’ penetrating the humic soil horizon
(‘Gentelles Soil’) Lsan. B. Large cryoturbation pocket developed at the boundary between Lsan humic soil and calcareous loess Lcbg.

Pleistocene is divided into two sub-cycles (as at Cagny-la-
Garenne):

«  Sub-cycle Ia. Erosion of the upper part of the alluvial
sequence (gravel bed), followed by the deposition of
sandy silts during a first cold phase. This sediment is
then influenced by the formation of a typical Bt
horizon of brown leached soil (U14) indicating the
return to an interglacial period (MIS 7e).

o Sub-cycle Ib. Erosion of the upper part of the previous
Bt horizon followed by deposition of a sandy silt layer
(U13)indicating a strong climatic degradation and an
open environment. A typical Bt horizon of brown
leached soil (U12) then develops on this deposit
during the following interglacial peak (MIS 7a—c).

Cycle I1. — The second cycle begins with the hydromor-
phic degradation of the surface of the previous Bt
horizon (glosses). This is followed by the deposition of
massive colluvial sandy silts in which a weak greyish
humic soil horizon (Ah, steppe soil) develops in the same
stratigraphic position as in the Gentelles and Villiers-
Adam LPS. A major climatic pejoration is then attested
by the deposition of a massive sandy-loam deposit (U10)
and of a thick set of bedded sandy-clay loam (U9). Deep
frost cracks (~2 m), later infilled by solifluction gravels,
are observed at the top of U9 (former ice wedge casts).
They indicate the first period of permafrost aggradation
during the LMP (as at Gentelles and Cagny-La-
Garenne), but also the occurrence of a rapid thawing
event. This led to intense erosion of the former ice
wedge casts by thawing waters, followed by their infilling
by massive solifluction gravels with clayey matrix

(thermokarst processes). Typical calcareous loesses, with
a finely laminated structure, are then deposited (U8 to
U6) but they still contain solifluction gravel beds
indicating seasonal gelifluction events on the steep slope
surrounding the site to the SW. The end of Cycle II is
marked by the formation of a Bt horizon of brown
leached soil, which testifies to full interglacial conditions.
This soil is assigned to the Eemian interglacial.

Weichselian—Holocene cycle. — After the erosion of the
Bt horizon of the last interglacial the Weichselian
sequence begins with a succession of Grey-forest soil
and steppe soil horizons as in the Weichselian early-
glacial type section of Saint-Sauflieu (Antoine
et al. 2016). The Weichselian pleniglacial deposits are
then formed by a succession of two calcareous loess units
(laminated loess and homogeneous loess), at the top of
which the postglacial Bt horizon is formed.

The LMP Mautort LPS is thus characterized by two
sets of calcareous loess units (U10 and U9) and (U8 to
U6) separated by a major erosion associated with a cycle
of permafrost development (large ice wedges) and
subsequent collapse (gelifluction and thermokarst). By
their stratigraphic position, these two sets are equivalent
to the LAS and LAC units at Cagny-La-Garenne, which
are also separated by thawing channels.

Etricourt-Manancourt

The LPS at Etricourt-Manancourt, discovered during a
rescue archaeological excavation, contains several
Palaeolithic levels including an Acheulean occupation
well dated by TL on heated flints around 280-300 ka
(late MIS 9) (Hérisson et al. 2016; Coutard et al. 2018).
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Fig 8. A.Mautort S1 (according to Antoine 1990). B. Etricourt-Manancourt summarized profile (redrawn according to Coutard et al. 2018). C.
Saint-Pierre-les-Elbeuf (redrawn according to Cliquet et al. 2009 and Coutard et al. 2019, ages from Balescu 2013) (detailed description: see
Data S1).

The archaeological excavation, located on the slope of a  bottom of the deepest one is located at more than 11 m
dry valley, led to the discovery of two deep sinkholes that  below the surface of the topsoil and 5 m below the
developed in the Upper Cretaceous chalk bedrock. The average chalk surface. A 12-m-thick cumulative loess—
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palaeosol succession corresponding to five stacked
glacial-interglacial cycles has been identified here
(Fig. 8B). The Etricourt sequence includes five intergla-
cial luvisols respectively assigned to MIS 11 (U17), MIS 9
(Ul4), to the two warm substages of the MIS 7
interglacial complex (U8b and 8a) and finally to MIS
Se (US). The successive glacial-interglacial cycles
recorded in the Etricourt-Manancourt section are
summarized below (Fig. 8B, Data S1).

Cycle I. — Thefirst cycleis composed of the succession of
a 1.5-m-thick non-calcareous homogeneous sandy loess
(U15) at the top of which is a Bt horizon of brown leached
soil indicating an interglacial period corresponding to
the MIS 9 Interglacial (U14) according to both the
pedosedimentary budget and the TL dates from Ul12.
This first LMP pedosedimentary cycle overlies a
compact clayey Bt horizon (U17-16) separated from
the weathered chalk bedrock by a layer of pure clay and
manganese oxides (B horizon, U18). According to the
overlying pedosedimentary record this horizon, formed
on anon-calcareous loess body, would correspond to the
long interglacial period of MIS 11.

Cycle II. — After the erosion of the top of the previous
interglacial soil (thin gravel bed), the Etricourt section
shows anexceptionally thick (~1.5 m)humicsoil complex
(U13-U11) including a Bth horizon of Grey-forest soil
and isohumic soil horizons (steppe soils) in which the
main archaeological layer (Acheulean) included in U12
yields TL ages from heated flints of about 290 ka
(average: 288+21 ka). This sequence indicates a step-
by-step evolution towards more continental climatic
conditions during the transition between theend of MIS 9
and the beginning of MIS 8, which shows great
similarities with that evidenced for the Weichselian
early-glacial (MIS 5d-5a; Antoine et al. 2016). The
Etricourt Humic Soil Complex is then covered by sandy
loess deposits punctuated by small hydromorphic hori-
zons during the later part of the MIS 8 glacial period. The
cycle ends with the formation of a new interglacial soil
composed of two weakly separated Bt horizons as in the
‘Garenne Soil Complex’. The TL date of 222420 ka
obtained from a (reworked) heated flint associated with
the Levallois technique is in good agreement with the
allocation of this soil complex to the MIS 7 Interglacial.

Cycle I1I. — As in Mautort and Gentelles, the younger
MIS 7 Bt horizon is overlain by a humic soil horizon
(LGS) assigned to the transition to early MIS 6. This cold
period is then represented by a first homogeneous loess
deposit and by a thick unit of finely laminated loess in
which the heavy mineral content shows a strong increase
in the green hornblende as in the LAS and LAC loess
units of the Cagny-La-Garenne reference section. The
end of Cycle III is marked by the formation of a new
typical interglacial Bt horizon allocated to the Eemian.

Weichselian—Holocene cycle. — At Etricourt, the Weich-
selian and Holocene cycle is relatively well developed,
especially its lower part, which shows a humic soil
complex typical of the Weichselian early-glacial in
northern France (Bth horizons of Grey-forest soils then
Ah horizons of steppe soils). The rest of the sequence is
made up of undifferentiated pleniglacial loess depositsin
which the Bt horizon of the topsoil is developed.

Saint- Pierre-les- Elbeuf

The Saint-Pierre-1es-Elbeuf loess—palaeosol sequence is
located at the confluence of the Seine and a small
tributary, the Oison (Fig. 1). Known since the 1950s (see
Lautridou 1985; Cliquet et al. 2009), it shows an LPS
succession corresponding to the late Middle and Upper
Pleistocene over an exceptional thickness (17 m,
Fig. 8C), which constitutes a reference sequence for the
Middle Pleistocene of northern France (Lautri-
dou 1985). New research has been carried out on the
loess sequence using OSL dating and micromorphology
aswell as on the malacological content of the interglacial
calcareous tufa dated to MIS 11, which is intercalated at
the base of the sequence above the Elbeuf IV soil (Cliquet
et al. 2009). The sequence shows the succession of three
LMP glacial-interglacial cycles overlying the MIS 11
interglacial calcareous tufa. The successive glacial-
interglacial cycles recorded in the Saint-Pierre-les-Elbeuf
section are summarized below (Fig. 8C, Data S1).

Cycle I. — The first pedosedimentary cycle, which over-
lies both the Elbeuf IV palacosol and the MIS 11
calcareous tufa deposit, begins with a strong erosional
event evidenced by a thick flint gravel bed (U26). This is
followed by the deposition of sandy loess in which a
slightly humic soil develops in a steppic environment
(U25) then by the deposition of non-calcareous sandy
loess (U24 to U19) fed by aeolian deflation from the
periglacial alluvial plain of the Seine. This first cycle ends
with the development of the Bt horizon of brown leached
soilnamed ElbeufIII (U17-18), for which an IRSL age of
310£25 ka is consistent with an allocation to MIS 9
(Coutard et al. 2019).

Cycle I1. — The second cycle also starts with a strong
erosion event shown by a thick flint gravel bed (U16). Itis
followed, as in the previous cycle, by a humic horizon
with large crotovinas that were formed in a steppic
environment under interstadial conditions (U14-15).
Full glacial conditions are then characterized by the
deposition of typical loess (U13-12), which would
correspond to MIS 8. Cycle II ends with the Elbeuf 11
thick Bt horizon of brown leached soil (U11-10) dated by
IRSL to about 247420 ka.

Cycle I1I. — The third cycle also begins with an erosive
event (gravel bed U9). The following glacial period is
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evidenced by the deposition of aeolian sands, but then
mainly by typical calcareous loess (U6-5), characterized
by some laminations (doublet horizon). The IRSL ages
(average around 180 ka) are probably slightly over-
estimated for deposits that should date back to the MIS 6
glacial period. The Elbeuf I brown leached soil, allocated
to the Eemian and mainly to MIS Se, registers the end of
Cycle III.

Weichselian—Holocene cycle. — Although very reduced
(3 m thick), the Weichselian shows here a typical
succession of the main units of this period in northern
France: (i) a humic soil complex including a Grey-forest
soil (U4) and a steppe soil horizon (U3) (early-glacial),
followed by (ii) a brownish loess and boreal soil complex
(Lower and Middle Pleniglacial) and (iii) typical
calcareous loess (Upper Pleniglacial). However, a much
more detailed record of the Last glacial has been
described in a lateral profile (Antoine et al. 1999).

Villiers Adam

At Villiers-Adam, about 35 km north of Paris, highway
excavation works and associated rescue archaeological
operations were carried out between 1995 and 1999
(Fig. 1). They revealed a loess—palaeosol sequence
corresponding to the last two glacial-interglacial cycles
with a total thickness of about 20 m (Fig. 9). The
deposits are preserved on the north-northeast facing
slope of an asymmetric dry valley tributary on the left
bank of the River Oise. Multidisciplinary research
carried out in the area, including sedimentology, soil
micromorphology, malacology and organic carbon
8'°C, is summarized in Antoine er al. (2003a). The
oldest cycle of the LMP (Cycle I: MIS 10 — MIS 9) is not
recorded here, probably due to the strong erosion
occurring before the deposition of the oldest loess at
Villiers-Adam. The two LMP glacial-interglacial cycles
recorded in the Villiers-Adam section are summarized
below (Fig. 9, Data S1).

Cycle II. — The second cycle was preceded by a period of
intense erosion that resulted in the formation of a deep
gully perpendicular to the present dry valley forming a
sediment trap. This incision feature was later infilled by a
thick body of regularly laminated silty sands, deposited
by runoff from the Tertiary sands in a cold and open
environment (U21). The upper part of this unit is then
affected by a brown leached soil characterized by a sharp
increase in the clay content, the presence of reddish-
brown clay coatings and numerous biogalleries (Bt
horizon, U20a-b). The variation in clay proportion
through this unit reflects a complex soil resulting from
the superposition of two Bt horizons separated by aweak
sedimentary episode. According to the cyclostrati-
graphic analysis of the Villiers-Adam LPS and to
optically stimulated luminescence (OSL) ages from the
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and variation in clay percentage (according to Antoine et al. 2003a)
(detailed description: see Data S1).

directly overlying deposits U20a, b, this soil probably
reflects the pedosedimentary response to the two main
climatic improvements of the MIS 7 ‘interglacial
complex’, as already shown for the Somme basin at
Mautort, Cagny and Etricourt (Antoine 1994).

Cycle II1. — The third cycle begins with a small greyish
humic horizon (steppe soil facies) comparable to the
Mautort or Gentelles humic soils, which occurs in the
same stratigraphic position. Just above this soil, a phase
of intense erosion led to the formation of a deep gully, the
base of which is underlain by a gravel bed that contain
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reworked Tertiary rock elements from the plateau (U18).
This structure is then infilled by laminated calcareous
loess with desiccation micro-cracks (U17), then to the
top, by homogeneous calcareous loess (U16) reflecting
extremely cold and arid conditions. A full glacial
environment is highlighted here both by the malacolog-
ical content (Pupilla fauna indicating a dry steppic
environment: Limondin-Lozouet & Gauthier 2003) and
by organic carbon 8'°C values (Hatté in Antoine
et al. 2003a). Luminescence ages (around 175 ka)
obtained from these deposits confirm their assignment
to the Upper Saalian (MIS 6) and strengthen their
correlation with sequences from neighbouring regions
such as the Somme. A particularly well-developed (1.5-
m-thick) brown-leached soil, reflecting mainly full
interglacial conditions (U15), then developed through-
out the upper part of this MIS 6 calcareous loess. This soil
is characterized by a very complex multi-phased facies
highlighted by a gradual increase in clay content from 15
to 30%, but only the initial phase of which is attributable
to the Eemian interglacial (5e). Thin section analysis
shows that the pedological features of the upper horizons
(U15b and especially Ul5a) are typical for Grey-forest
soils and later deep seasonal frost, associated with the
initial phases of the Weichselian early-glacial (MIS 5d—
5a). In general, the Saalian sequence at Villiers-Adam is
thus characterized by a succession of loessic facies and
environmental conditions that appear to be very similar
to those that prevailed during the deposition of the loess
of the Upper Weichselian Pleniglacial. This observation
confirms the importance of the change that appears in
the dynamics of loess deposition at the beginning of MIS
6 in northern France (massive appearance of typical
allochthonous calcareous loess).

Weichselian—Holocene cycle. — The last glacial-intergla-
cial cycle is very well developed here (~8 m thick) and
presents one of the best Last glacial sequencesin the area,
including: (i) a well-developed early-glacial soil complex
(U13-U10), (i) a particularly rich Middle Pleniglacial
soil complex including two boreal brown soil horizons
(the “Villiers-Adam Soil Complex’), and (iii) two units of
calcareous Upper Pleniglacial loess. The sequence ends
with the Bt horizon of the topsoil.

Discussion

Unlike the Weichselian loess (mainly MIS 2) and, to a
lesser extent, the late Saalian ones (MIS 6), which form a
sub-continuous cover in northern France, Middle
Pleistocene loess deposits are rare and only preserved
in local sediment traps. These traps are either sinkholes
associated with the dissolution of the chalky Cretaceous
substratum (e.g. at Gentelles, Revelles, Etricourt-
Manancourt and Le Pucheuil), or formed by the junction
between the surface of alluvial terraces (former alluvial
plains) and overhanging slopes and terrace scarps (e.g. at

Saint-Pierre-les-Elbeuf,  Grace-Autoroute, Cagny-
Rocade, Cagny-la-Garenne and Mautort). This last
configuration is particularly well illustrated by the
Middle Pleistocene reference sequence of Grace-
Autoroute where the LPS forms the cover slope deposits
of the oldest alluvial formation of the stepped terrace
system of the Somme valley (MIS 22; Antoine
et al. 2000,2020). As developed above, the chronostrati-
graphic interpretation of the LPS is mainly based on the
demonstration of a cyclic glacial-interglacial signal and
its comparison with global climatic references such as the
stacked oceanic 8'*0 curve of Lisiecki & Raymo (2005).
In some of the sequences, direct dating of loess sediments
using luminescence techniques and/or TL dating of
archaeological heated flint artefacts from the numerous
Palaeolithic sites included in the LPS sequences of the
area (Hérisson et al. 2023) have strengthened this
cyclostratigraphic approach. The cyclostratigraphic
interpretation of the LPS is also supported by: (i) the
relative position of the different LPS within stepped
alluvial terrace systems of the Somme and Seine River
valleys (Figs 2, 3) and (ii) the geochronology of fluvial
sediments from the alluvial terraces on which they are
deposited (ESR on quartz and ESR/U-series on large
mammal teeth and U-series on calcareous tufa).

MIS 11: long interglacial and lower boundary of the late
Middle Pleistocene

The Grace IV soil horizon is integrated into a soil
complex (Grace I'V Soil Complex; Fig. 10) that includes
not only a Bt horizon of typical interglacial brown
leached soil, but also a degraded Grey-forest soil horizon
(Bth) overlain by an isohumic steppe layer (Ah) (only
preserved at Grace). This soil complex shows the same
evolution as the soil complexes recorded during the
Eemian/Weichselian early-glacial period in northern
France, such as at Saint-Sauflieu (Antoine et al. 1994),
and at Remicourt, Belgium (Haesaerts ez al. 2016) and
Garzweiler, Germany (Schirmer 2016).

Whether at Grace-Autoroute or Cagny-Rocade, the
position of the Grace IV Soil Complex in relation to the
number of younger pedosedimentary cycles and the ESR
ages available in the underlying fluvial levels (Bahain
et al. 2007), means that this soil complex can be assigned
to the pedosedimentary budget of the MIS 11 interglacial
(Holsteinian) and the beginning (early-glacial phase) of
MIS 10 (first glacial of the Saalian complex). Only the
Ariendorf sequence, on the right bank of the Rhine in
Germany (Brunnacker et al. 1975), recently re-
examined by Haesaerts et al. (2019), clearly shows a
soil complex comparable to the Grace IV soil complex
including an interglacial soil (Bt) allocated to MIS 11
(Ariendorf1V), fossilized by the Rieden Tephra dated at
420 to 450 ka by “°’Ar/*Ar (van den Bogaard &
Schmincke 1990), then covered by two humic horizons
assigned to early MIS 10, including one Grey-forest soil
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horizon (Bth). To the west, the Elbeuf IV soil (Lautri-
dou 1985) is well dated to the Holsteinian interglacial
(MIS 11) by geochronological data (U-series, IRSL,
ESR, ESR/U-series) and the malacological content of
the directly overlying calcareous tufa (Lyrodiscus fauna;
Cliquet et al. 2009) (Figs 8C, 11).

In the fluvial record, the MIS 1lc interglacial is
represented by several well-dated and shelly calcareous
tufas not only in northern France but also in southwest
England (Preece et al. 2007). The development of the
Lyrodiscus fauna, characteristic of humid temperate
forest environments, is best recorded in the La Celle
sequence where it is associated with southern trees and
temperate mammal species. The Lyrodiscus fauna is
particularly diverse and rich in allochthonous taxa of
current central and southern European origin, which
appear in the latest stages of the forest extension during
MIS 11c. A close correlation between increases in both
temperature and humidity, and the evolution of forest
snail communities, is demonstrated by the combined
malacological and isotopic record from La Celle,
culminating in the interglacial optimum (Limondin-
Lozouet et al. 2020).

Late Middle Pleistocene (MIS 10-6)

CycleI ( MIS 10-9). — Beginning with the first cold stage
after the long MIS 11 interglacial at about 370 ka, the
LMP sequence from northern France is always repre-
sented by loessic materials characterized by a strong
sandy component (fine sands: 30 to 40%). These sandy
loess accumulations are mainly the result of the rework-
ing by wind (aeolian deflation) of sands and silts from the
surface of the islands of the braided channel networks
occupying the alluvial plain of the Somme River during
glacial periods. During MIS 10 the sandy loess deposi-
tion is restricted to local sediment traps such as
dissolution sinkholes (Etricourt) or external parts of
fluvial terraces sheltered by former terrace scarps, such as
at Cagny-la-Garenne, Grace Autoroute and Saint-
Pierre-les-Elbeuf (Figs 2, 6A, B, 8A, C, 11).

On a regional scale, the next interglacial (MIS 9) is
characterized by the formation of a typical leached
brown soil called Grace III Soil (Figs 2, 10). This soil
was also observed in the lower part of the Etricourt-
Manancourt doline infilling, where it is covered by the
Etricourt Humic Soil Complex. TL dates on heated
flint obtained from archaeological Acheulean material
found in this humic soil complex (HUD) confirm the
assignment of this soil to a period extending between
the end of MIS 9 and early MIS 8 (Hérisson et al. 2016;
Coutard et al. 2018). Given its stratigraphic position
and these dates, the brown leached soil Grace I1I would
therefore be correlated with the brown leached soil of
Elbeuf III in Normandy (based on pedostratigraphy
and on IRSL dates; Cliquet ez al. 2009), at Montena-
ken, Belgium (pedostratigraphy; Meijs et al. 2012), at

Erbach, Germany (Schirmer 2016), or with the (non-
leached) brown interglacial soil from the base of the
Achenheim III Soil Complex in eastern France
(Lautridou et al. 1985).

In the fluvial archives of the Seine Basin, MIS 9 is rare
and is only described at Soucy in the River Yonne, south
of the area. Although erosion has removed a significant
part of the interglacial record, the Soucy malacofauna
contains several central European thermophilous spe-
cies including the extinct species Aegopis klemmi, which
together form a MIS 9 specific assemblage (Fig. 4).
Despite the limited extent of the forest biotope indicated
by the mollusc record in the valley floor, the presence of
these particular species suggests either a more pro-
nounced forest cover nearby or a declining closed canopy
community at the end of the interglacial optimum.
Although not included in the fluvial record of the Seine
or Somme River basins, it is also important to refer to the
Sangatte sequence located on the coast of the eastern
Channel (Strait of Dover or ‘Pas-de-Calais’) where
beach sands, leaning against the fossil cliff, correspond to
a MIS 9 sea-level highstand and have been dated to
350+50 ka by OSL (quartz) (Pawley in Coutard
et al. 2019).

Cycle II MIS 8-7. — The next cold stage (MIS 8) is
characterized by deposits that are slightly less sandy in
the Somme sequences, but more clearly loessic at sites
located further away from potential sand sources (large
periglacial rivers) such as Etricourt-Manancourt. How-
ever, the MIS 8 sedimentary budget can be much larger in
some sinkholes such as at Revelles near Amiens where a
more than 10-m-thick LPS has been preserved in a large
(25 m in diameter) dissolution doline in chalk (Coutard
et al. 2019; Lamotte et al. 2019). According to TL
dating on Palaeolithic heated flints preserved at the base
of this sequence in silty-clayey deposits (mean:
271+21 ka; Coutard et al. 2019), as well as the analysis
of the pedosedimentary record including two horizons of
interglacial brown leached soils, the first phases of chalk
dissolution leading to the formation of the doline date
back to the MIS 9 interglacial and/or to the transition
between MIS 10 and 9. At this site, therefore, an
exceptional accumulation of about 7 m of clayey—sandy
silt can be dated to the MIS 8 glacial period. A similar
situation was observed in Normandy at Le Pucheuil
(Fig. 1), where a 50-m-wide and 10-m-deep doline has
trapped two superimposed sequences of Saalian loess
associated with several Palaeolithic occupations
(Delagnes & Ropars 1996). Another interesting LPS,
including MIS 10 to 6 loess layers interbedded with
interglacial horizons of brown leached soils, was studied
at Saint-Illiers-la-Ville on a northeast-facing slope at
about 7 km southwest of the Seine (Fig. 1). At this site,
the MIS 7 interglacial has been dated to about 222 ka
using TL on heated archaeological flints contained in the
soil horizon (Blaser & Chaussé 2016).
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The Grace II Soil, which represents the following
interglacial, has pedological characteristics and a strat-
igraphic position that allow it to be paralleled with the
leached brown soils assigned (and/or) dated to MIS 7,
such as the Cagny Soil Complex (Haesaerts &
Dupuis 1986), the Elbeuf II Soil in Normandy, the Hees
soil in Belgium (Meijs et al. 2012) and the Ariendorf Ib-
IT complex in Germany. However, in some sequences, a
clear subdivision of this soil into two distinct Bt horizons
has been demonstrated, as in Mautort (Mautort III and
I1Soils; Antoine 1990), Cagny-la-Garenne (Haesaerts &
Dupuis 1986) and Etricourt-Manancourt (Coutard
et al. 2018). The most illustrative example of this
subdivision is represented by the complex formed by
the succession of the Mautort III and Mautort I1 soils at
the base of the overlying sequence of the fluvial deposits
of the Mautort Formation (Figs 8A, 11). Indeed, at this
site, two Bt horizons of typical leached brown soils are
clearly separated by a homogeneous sandy loess deposit
about 0.5 m thick (Antoine 1994). This particular
feature of MIS 7 is also found in some famous LPS of
the Danube basin such as Paks in Hungary (Basaharc
double soil complex: BD1 & BD2), Mosorin in Serbia
(Markovi¢ et al. 2015) and Mircea Voda in Bulgaria
(Balescu et al. 2010; Timar-Gabor et al. 2011).

Theloess layerlocated in between the two MIS 7 soilsis
reflected in the fluvial record of the Somme basin by a
periglacial gravel body (gravels of the Alluvial Formation
ITor Low Terrace) allocated to the cold stage of MIS 7d at
about 230 ka (Antoine et al. 2007). In the Paris Basin
the mollusc faunas attributed to MIS 7 are less diverse
and much poorer in forest taxa compared to other
Pleistocene interglacials (Fig. 4). Among these, species
outside their modern range, especially central European
taxa that form the malacological signature of past
interglacials, are not recorded during this period.
Furthermore, closed canopy assemblages are not
observed and temperate mollusc faunas during MIS 7
indicate the development of open wooded areas rather
than dense forests. At Tourville the woodland snail
community, which represents up to 43% of the mollusc
population (Fig. 4), is dominated by the most tolerant
species of this group, which belong to the semi-forest
ecological category (Puisségur 1983). This observation
is corroborated by the other bio-indicators, pollen and
large mammals, which form mosaic landscape commu-
nities where woodland and steppe often coexist. In the
lowest part of the Biache sequence, the presence of
Corbicula fluminalis, a bivalve mollusc recorded only in
interglacial deposits (Meijer & Preece 2000), is a strong
argument in favour of fully temperate conditions. On the
other hand, the upper part of the Biache sequence as well
as the Longpré tufa, contain very limited populations of
forest snails, suggesting to a lesser extent improved
climatic conditions. Studies of the Weichselian Lategla-
cial have demonstrated the influence of cold climate
oscillations on malacological recolonization, slowing or

stopping the spread of species depending on their
duration (Limondin-Lozouet & Antoine 2001). Fur-
thermore, a comparison between Pleistocene and Holo-
cene interglacial malacological records has highlighted
the absence of central European forest species during the
Holocene, which is associated with much drier condi-
tions, particularly during the climatic optimum (Dab-
kowski & Limondin-Lozouet 2022). However, in the
study area there are no reconstructions of the humidity
conditions of MIS 7 from geochemical data that can be
compared with those of other interglacials, but it isworth
noting that the lower warming of stages 7e and especially
7a—c, compared with other interglacials, and the
duration and intensity of the climatic deterioration of
stage 7d, could have played an important role in the
recolonization of the molluscs, limiting the spread of
thermophilic species and preventing that of the most
demanding taxa. Inlong continental pollen records from
MIS 7, strong temperature oscillations are expressed as
an expansion of deciduous forest cover, thus with
interglacial rank, separated by steppe episodes reflecting
cooling phases (e.g. Follieri ez al. 1988; Reille
et al. 2000; Sadori et al. 2016). However, most of these
reference series are located further south of the study
area. At a similar latitude the Schoningen sequence
provides a significantly different pollen succession for
MIS 7 where the first peak of tree expansion corresponds
to an interglacial deciduous forest (Schoningen Inter-
glacial), but the next two peaks belong to an interstadial
boreal forest or tree steppe category (Biiddenstedt I and
IT) (Urban 2007). This scheme is consistent with the
malacological record of northern France, assuming that
Tourville and the lower part of Biache correspond to MIS
7e, and the upper part of Biache and Longpré to MIS 7a—
c (Fig. 4).

Finally, the malacological signal of less pronounced
temperate conditions during MIS 7 compared to more
intense interglacials such as MIS 11 and the Eemian can
be paralleled with observations from fluvial series from
southern Britain, where the Waverley Wood interval,
equivalent to MIS 7, corresponds to a more continental
temperate episode (Gibbard & West 2020).

In the LPS records the upper Bt horizon (Mautort 11
soil) allocated to the later part of 7a—c is capped by a
homogeneous grey isohumic steppe soil horizon. The
same type of humic soil, although more developed, was
observed at the Gentelles sinkhole site (Tuffreau
et al. 2017), where the ESR/U-series dates obtained on
two horse teeth from the directly overlying loess
(199420 ka) also support the attribution of the ‘Sol de
Gentelles’ to the transition between MIS 7 and early MIS
6 (Bahain ef al. 2010). Other examples of humic
horizons corresponding to the same climatic transition
have been recognized at Le Pucheuil in Normandy
(Delagnes & Ropars 1996), at Villiers-Adam near the
Oise valley (Antoine et al. 2003a), and at Etricourt-
Manancourt in the Somme basin (Hérisson et al. 2016).
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At this last site, the remains of the humic soil are overlain
byaloesslayer dated by IRSL to between 180 and 144 ka
(Coutard et al. 2018). Finally, at Therdonne, close to the
Thérain river valley (Fig. 1), a 20-cm-thick humic steppe
soil horizon (TOC: 0.2%) occurs in the same strati-
graphic position (Locht ez al. 2010) and has been dated
to 178+11 ka by TL of archaeological heated flints
(Locht et al. 2010). This soil has yielded remains of cf.
Citellus superciliosus, a continental steppe rodent,
suggesting a cold and dry climate as well as an open
environment.

At Gentelles, a few kilometres southeast of Amiens, the
humic soil attributed to the MIS 7-MIS 6 transition is
affected by periglacial structures (sand wedges) of more
than a metre deep, as well as by large-scale cryo-injection
features (Fig. 7A, B), both features representing the
oldest evidence of permafrost in the area (Coutard
et al. 2019). The remnant of a former large ice wedge,
subsequently deformed by hillwash processes and infilled
by solifluction gravels, has also been described at Mautort
within the MIS 6 loess sequence (Antoine 1994).

Cycle III (MIS 6-5¢) and the MIS 6 ‘Loess Revolu-
tion’. — In contrast to the loess facies preceding MIS 7,
the typical late Saalian (or late Wolstonian, Gibbard &
West 2020) calcareous loess dated to MIS 6 is much more
widespread in the landscape and is therefore much more
frequently described, especially from rescue archaeolog-
ical test pits and also better dated by OSL.

For the area of northern France, the main sequences
(Fig. 1) are: Cagny-la-Garenne (LAS & LAC, average
160420 ka), Etricourt-Manancourt (U6), Gentelles
(Lcbg to Lag, average: 196+20 ka), Sangatte (U2,
average: 170+14 ka), Villiers-Adam (Ul7 & UI16,
average 146+12 ka) and Saint-Pierre-les-Elbeuf (U8 to
U6, average 178411 ka) (Fig. 11).

The appearance of typical calcareous loess facies
(CaCOj3: ~15-18%) with an unprecedented extent over
the whole landscape at the end of the Saalian, while
previous aeolian deposits are represented by sandy facies
of local origin limited to sedimentary traps, is a common
feature in northern France (Antoine et al. 2020). In the
Villiers-Adam sequence, located close to the southern
margins of the northern French loess zone, the appear-
ance of thick and typical calcareous loess (4 m), in an
area where the sandy substrate dominates the geological
context, is a clear marker of the unprecedented spread of
allochthonous loess during MIS 6.

This strong increase in calcareous loess deposition
rates at the end of MIS 6 is also observed in Belgium at
Kesselt (Nelissen), where the ‘B Loess’ reaches a
thickness of 6 to 10 m (Meijs 2002), in Alsace at
Schaffhouse (Wuscher & Moine in Antoine et al. 2018)
and at Achenheim (Lautridou et al. 1985), as well as in
Germany with the Wetterau Formation (Schir-
mer 2016), at Bockingem (Bibus 2002) and at Nussloch
(Antoine et al. 2001).

BOREAS

This major change in aeolian sedimentation is a
marker of this glacial period in the whole western part
of the European loess belt. It is marked by a significant
change in the heavy mineral composition with high
concentrations of green hornblende (Haesaerts et al.
1984; Balescu 1988; Meijs 2002; Pirson et al. 2018).
Thisrapid change in both sedimentation rates, carbonate
content and heavy mineral composition is difficult to
interpret as the result of a purely climatic forcing since
much more intense and longer glacial periods such as
MIS 16 or 12 did not result in the same intensification of
aeolian processes and loess sedimentation.

The MIS 6 ‘Loess Revolution’ thus probably indicates
a significant increase in the volume of the detrital
sediments available for aeolian deflation processes from
the braided channels of the Channel River draining the
eastern Channel in a configuration where it is connected
to the southwest of the North Sea basin (Antoine
et al. 2003b). Indeed, during the Lower Pleistocene
and early Middle Pleistocene, before 450 ka, a chalk
land bridge connected France and England and then
bounded to the southwest the proglacial lake that
occupied the south of the North Sea during glacial
periods. During MIS 12 this barrier underwent a
catastrophic erosion event causing the first opening of
the Strait of Dover or ‘Pas-de-Calais’ (Gibbard 1995;
Gupta et al. 2007). A similar process could have
occurred later during MIS 6 (Gupta et al. 2007), causing
a major reorganization of the drainage network from
northwestern Europe towards the Atlantic Ocean
(Toucanne et al. 2009).

However, even if such a catastrophic event was
necessary to open the way for a southwestward drift of
meltwater and associated sediments from the Scandina-
vian Ice Sheet, it is not sufficient to fully explain the
unprecedentedly high loess sedimentation rates observed
in western Europe during MIS 6. This implies a
significant increase in the production of silt-sized
particles by glacial grinding and their subsequent
transport towards the deflation area of the southern
North Sea and the English Channel. Such a process could
have occurred during severe (full) glacial periods of such
asMIS 12, 6 or 2. However, no typical loess was deposited
in northern France during MIS 12, and aeolian deposits
at that time were derived from local reworking of sandy
material, highlighting the absence of an extensive
deflation source in the Channel during MIS 12.

In addition, very strong similarities in facies succes-
sion, loess structures and mineralogy between MIS 6
(~150-140 ka) and MIS 2 (~30-17 ka) from northern
France to western Germany through Belgium have been
demonstrated following numerous field observations
(Antoineet al. 2016). Thesecommon features are: (i) the
systematic occurrence of a thick body of laminated
calcareous loess with micro-crack networks covered by a
thinner unit made up of homogeneous loess (Hesbayan—
Brabantian succession in Belgium; Gullentops 1954),
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(i1) the development of several tundra gley horizons
corresponding to former permafrost active layers, (iii)
the occurrence of large ice wedge cast networks, the latter
beingextremely rare or absent before MIS 6, and (iv) high
concentrations of green hornblende in heavy mineral
assemblages (Pirson et al. 2018). These observations
show that both palaeoclimatic and palaeogeographical
conditions were similar during the MIS 6 ‘Loess
Revolution’ (~180-140 ka) and late MIS 3 and MIS 2
(~30-17 ka).

According to Toucanne et al. (2009) these periods
were characterized by the connection of the Channel
River to the drainage system of the Fennoscandian Ice
Sheet and the rerouting of the Elbe-Weser river network
to the southwest through the southern North Sea to the
North Atlantic. This situation results from the coales-
cence of the British and Scandinavian ice sheets, which
occurred during the Weichselian between ~30and ~25 ka
(Scourse et al. 2009; Sejrup et al. 2009). This time-span
corresponds exactly to the period in which the highest
sedimentation rates are depicted in western European
loess sequences (Antoine et al. 2001, 2016; Haesaerts
et al. 2016; Moine et al. 2017; Rousseau et al. 2017).
Finally, it is therefore very likely that the unprecedented
volume of loess deposited in northern France during
MIS 6 is the signature of an original palaeogeographical
pattern characterized by the coalescence of the northern
European ice sheets in the North Sea basin, inducing a
rerouting of the drainage system and associated sedi-
ments to the eastern Channel deflation area. However,
the question of the exact timing of late Saalian loess
deposition in relation to the two glacial advances of MIS
6 (Drenthe then Warthe stadials) is still open. In the
Somme system, at Cagny-la-Garenne two successive
loess units are described between MIS 7 and 5 interglacial
soils (Fig. 6A: LAS and LAC), which are dated at
190£29 and 129412 ka, respectively. Elsewhere, for
example at Sangatte, a calcareous loess typical of the
Saalian was dated by OSL to about 170414 ka; at Saint-
Pierre-1es-Elbeuf relatively old IRSL ages were obtained
(178+10 ka), and finally at Villiers-Adam, the age of the
calcareous laminated loess is about 150-130 ka.

It is therefore likely that typical calcareous loess was
deposited during early MIS 6, probably during the
Drenthe Stadial, but also during a younger stadial
around 150-130 ka. However, due to the small number
of luminescence ages currently available and to the large
error bars that characterize them, it is still speculative to
distinguish loess units deposited in relation to the
Drenthe and (or) Warthe stadials. Furthermore, since
fluvial activity is required to transport sediments from
the southern North Sea to the eastern Channel area,
which is the source of loess in northern France, the link
between glacial dynamics and loess deposition is not
immediate. It is therefore possible that silty sediments
accumulated in the eastern Channel during the first
episode of coalescence of the British and Scandinavian

ice sheets (Drenthe) were still available for aeolian
deflation and loess deposition during the Warthe stage.

Conclusions

Our review, based on the cyclostratigraphic analysis of
both loess—palaeosol records and fluvial terrace systems
in combination with palacoecological data (mainly
molluscs) from the LMP (MIS 10-6) of northern France,
leads to the following conclusions:

+ In the malacological record of fluvial environments,
the most demanding land snail species of central
European origin, which characterize developed forest
biotopes during the major Pleistocene interglacial
periods, such as MIS 11c and MIS 5e, are present
during MIS 9, whereas they are absent from MIS 7
series. Thisindicates that the forest was less developed
during MIS 7, suggesting that climatic conditions
were either drier and/or cooler than during other
Pleistocene interglacial periods. According to the
malacofauna, within MIS 7 there may be a difference
in the intensity of the warming between 7e (Corbicula
Sfluminalis at Biache and developed wood biotope at
Tourville) and 7a—c, characterized by very low
numbers of forest molluscs. In the fluvial sequences,
marker species define the malacological signatures of
eachinterglacial optimum for MIS 11, MIS9 and MIS
Se.

« In the Somme stepped terrace system, the strati-
graphic record shows that two alluvial formations can
be detected during the ~110 ka time-span between
MIS 8 and MIS 7 (Cycles Ila & II b MIS 8/7e and
7d/7a—c). This seems to be a unique situation during
the last 1 Ma in the terrace systems.

« In some LPS, MIS 7 is recorded as a soil complex
including two Bt horizons of brown leached soils
assigned to MIS 7e and 7c—a respectively, separated
by the deposition of a sandy loess layer. The
occurrence of two pedosedimentary sub-cycles (Ila
and IIb), separated by a relatively long (=12 ka) and
very cold period corresponding to a kind of ‘aborted
glacial’ (MIS 7d), emphasizes the complex pattern of
this unusual ‘interglacial’. As discussed above, this
specific twofold pattern of MIS 7 is also reflected in
the fluvial record of this period by the occurrence of
sub-cycles Ila and IIb.

» Opverall, it is important to note that during the LMP
each soil complex corresponding to the interglacial
and early-glacial periods from MIS 11 to MIS 5
presents broadly the same soil facies (Bt horizon of
brown leached soils, Bth horizon of Grey-forest soils
and Ah horizon of humic soils), but with a specific
succession pattern or signature.

» During interglacial periods bio-indicators allow the
individualization of intra-interglacial climatic evolu-
tion whereas the pedosedimentary approach of soil
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complexes can only describe the evolution of the
environments over longer time-spans such as full
interglacial or early-glacial periods.

« LPS from northern France show a huge change
occurring in both deposition rates and geographical
extent of typical calcareous loess at the beginning of
MIS 6, compared to local sandy loess deposits
trapped locally in terraces systems or dissolution
sinkholes during earlier stages. This so-called MIS 6
‘Loess Revolution’ is probably related to a change in
the palacogeography of the southern North Sea and
eastern Channel source areas at times marked by the
coalescence of the British and Scandinavian ice sheets.
Finally, this period is also characterized by the
occurrence of large ice wedge casts, which are the
oldest irrefutable evidence of permafrost develop-
ment in the area.

In the future, our main objective will be to strengthen
the geochronological control of fluvial sequences (espe-
cially using the U-series on the MIS 9 and 7 calcareous
tufas) and loess deposits using luminescence techniques.
On the latter point, this study shows that a close link
between loess research and Palaeolithic archaeology can
be of great help in enabling the use of TL dating of heated
flints, a reliable and accurate dating approach for loess
sequences.
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Data S1. Detailed description of the main LPS sequences
(Figs 6, 8, 9).
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