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ARTICLE INFO ABSTRACT
Keywords: The La Celle calcareous tufa formation, located in the Seine valley (Paris Basin, France) provides an exceptional
Middle Pleistocene stratigraphic record (9 m thick), yielding a wide variety of palaeontological remains (molluscs, leaf prints, os-

Interglacial dynamics
Bioproxies
Geochemistry

tracods, mammals) as well as geochemical data allowing a detailed reconstruction of the environmental and
climatic dynamics during the Marine Isotope Stage (MIS) 11c interglacial. The chronological assignment of the
Land snails site is particularly well constrained by a number of methods (U-series, electron spin resonance, thermolumi-
Leaf imprints nescence). This review synthesises previously published data as well as new research on the formation of the
Tufa deposit (stratigraphy, micromorphology), amino-acid geochronology, palaeobotany, and compares these results
with those of European palynological references. Several important markers of the continental environments
during MIS 11c are identified. The malacological succession is of particular importance for reconstructing the
vegetation dynamics, reflecting the expansion of forest biotopes and their subsequent degradation and is closely
linked to geochemical analyses, providing a reliable framework for the associated climatic conditions. The La
Celle sequence yields the only complete record for the development of the “Lyrodiscus fauna”, a characteristic
biostratigraphic signature of MIS 11c in NW Europe. The long molluscan succession of La Celle is the relevant
reference for the integration of shorter regional malacological series into the environmental dynamics of the
interglacial. The occurrence of several Mediterranean trees, and mammal remains of Hippopotamus and Macaca
are registered during the climatic optimum revealed by geochemistry. Together with isotopic data this set of
thermophilic bioproxies indicates the warmest and wettest conditions ever recorded for late Middle Pleistocene
interglacials in the region. Comparison of the reconstructed palaeoenvironmental and climatic succession with
the nearest long pollen series demonstrates that the La Celle tufa deposit records almost the entire interglacial.
Therefore, the “La Celle Interglacial” is proposed as a major reference for understanding the evolution of the MIS
11c continental landscapes and biodiversity in northwestern Europe.

1. Introduction Kleinen et al., 2014). In northern Europe, long continental interglacial
successions are mostly preserved in lacustrine contexts. However, in the

Recent investigations have highlighted the importance of high westernmost part of this territory where such sequences are rare, tufa
resolution terrestrial records for a better understanding of formations have yielded valuable archives of temperate periods in
palaeoenvironmental and palaeoclimatic dynamics during interglacial fluvial environments (Pentecost, 1995, 2005; Antoine et al., 2007,
periods (Past Interglacials Working Group of PAGES, 2016; 2024). Moreover, calcareous tufas appear to be the only deposits

* Corresponding author.
E-mail addresses: nicole.limondin@lgp.cnrs.fr (N. Limondin-Lozouet), julie.dabkowski@lgp.cnrs.fr (J. Dabkowski), pierre.antoine@lgp.cnrs.fr (P. Antoine),
bahain@mnhn.fr (J.J. Bahain), Pvoinch@mnhn.fr (P. Voinchet), kirsty.penkman@york.ac.uk (K.E.H. Penkman), dustin.white@york.ac.uk (D. White), saad.marie-
claude@orange.fr (M.C. Jolly-Saad), Patrick.Auguste@univ-lille1.fr (P. Auguste), ghaleb.bassam@uqam.ca (B. Ghaleb).

https://doi.org/10.1016/j.quascirev.2025.109667
Received 28 March 2025; Received in revised form 13 October 2025; Accepted 20 October 2025

Available online 1 November 2025
0277-3791/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:nicole.limondin@lgp.cnrs.fr
mailto:julie.dabkowski@lgp.cnrs.fr
mailto:pierre.antoine@lgp.cnrs.fr
mailto:bahain@mnhn.fr
mailto:Pvoinch@mnhn.fr
mailto:kirsty.penkman@york.ac.uk
mailto:dustin.white@york.ac.uk
mailto:saad.marie-claude@orange.fr
mailto:saad.marie-claude@orange.fr
mailto:Patrick.Auguste@univ-lille1.fr
mailto:ghaleb.bassam@uqam.ca
www.sciencedirect.com/science/journal/02773791
https://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2025.109667
https://doi.org/10.1016/j.quascirev.2025.109667
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2025.109667&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Limondin-Lozouet et al.

recording the interglacial optima (Antoine and Limondin-Lozouet,
2004), and several studies confirm the importance of these formations
to define a reference record of Pleistocene interglacial dynamics
(Antoine et al., 2007; Preece et al., 2007; Ortiz et al., 2009; Pazzaglia
etal., 2013; Limondin-Lozouet and Preece, 2014). Tufas usually fossilise
in situ abundant and diverse fossil groups (Preece, 1991; Capezzuoli
et al., 2014; Dabkowski, 2014) and are suitable archives of geochemical
information from which palaeoclimatic conditions can be inferred
(Andrews, 2006; Dabkowski et al., 2011). Finally, they can be directly
and precisely dated by radiometric methods (radiocarbon and U-series),
and additional dating can be achieved on their organic and archaeo-
logical contents (Bahain et al., 2022; Granai and Wackenheim, 2022;
Horvatincic et al., 2000). Among north-west European Pleistocene tufas,
MIS 11c is the best-represented interglacial, with seven sites dated to
this complex warm period (Fig. 1). These deposits do not usually exceed
1-3 m in height, while the La Celle tufa is almost 9 m thick. It therefore
provides a remarkable opportunity to reconstruct a detailed succession
of the interglacial palaeoenvironmental evolution allowing robust
comparison with regional and global palaeoclimatic parameters.

The site of La Celle was discovered at the end of the 19th century and
recognized as a unique record of an ancient temperate period through its
malacological and floral fossils (Tournouér, 1874, 1877; Saporta de,
1874). At the same time, about thirty Acheulean handaxes were
collected from several archaeological horizons located in the middle
part of the tufa sequence (Collin et al., 1895). In the 1960s new strati-
graphic observations at La Celle, together with investigations on fluvial
terraces of the Seine valley, allowed attribution of the formation to the
MIS 11 interglacial (formerly Mindel-Riss in Bourdier, 1969; Rousseau,
1992; Lautridou et al., 1999). Studies on this important site were reas-
sessed at the beginning of the 2000s using a multidisciplinary approach
including stratigraphical data, dating, geochemical analyses and palae-
ontological remains, based on both the revision of ancient collections
and new sampling (Limondin-Lozouet et al., 2006). Preliminary results
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highlighted the important palaeoenvironmental potential of the site and
led to the discovery of traces of an Acheulean occupation during the
forest optimum (Limondin-Lozouet et al., 2010). Several publications
have previously focused on either the palaeobotanical, malacological,
archaeological or geochemical investigation at La Celle (Jolly-Saad
et al., 2007; Limondin-Lozouet et al., 2010, 2015, 2020; Dabkowski
et al.,, 2011, 2012) but a large amount of data remained unpublished,
including stratigraphic and micromorphological observations, dating
from amino acid geochronology, etc. Moreover, although the previous
studies demonstrated the richness and the importance of the site for the
detailed understanding of environments and climate prevailing during
MIS 11c, a complete data synthesis formally establishing La Celle as one
of the best-documented and longest reference records for this period in
Northwest Europe was needed.

This paper thus combines, for the first time, all data collected at La
Celle since the investigations were relaunched in the early 2000s;
already published studies are enriched by new data that have not been
previously available in the scientific literature (Table 1). This review
leads to an improved understanding of the whole sequence and original
data interpretations and discussions, most notably a detailed step-by-
step reconstruction of the tufa development. The palaeoenvironmental
and palaeoclimatic reconstructions inferred from the La Celle record are
discussed and compared in the frame of North-West European conti-
nental references for MIS 11c.

2. Geomorphology, stratigraphical framework and new
micromorphological data

The La Celle tufa (Lat 48°23 N; Long 2°50 E) is located on the right-
hand valley slope of the Seine river, 2.5 km upstream from its confluence
with the Loing River and 90 km upstream from Paris. It is located on a
middle fluvial terrace of the Seine, the basal contact of which is
approximately 15 m above the modern floodplain, and at a relative
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Fig. 1. Location map of La Celle (red dot), other tufa deposits (black dots) of MIS 11 age in North-West Europe and nearest long pollen sequences (black squares)
discussed in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Summary table of previously published studies on the La Celle site and unpub-

lished data presented in this article.

Methods Published data This paper
Stratigraphy Pits S1 to S5/Long profile ( Profile S2 (SM1) and step-
Limondin-Lozouet et al., 2006, by-step reconstruction of
2010) the tufa development (
Fig. 11)
Micromorphology  Partly available in a PhD thesis (  Complete data (Fig. 9 +
Dabkowski et al., 2011) SM2)
Dating U series on indurated tufa AAR (Table 3, Fig. 5 and
samples and U series combined SM4)
with electron spin resonance
(ESR) on horse tooth, ESR on
sand grains,
thermoluminescence (TL) on
burnt flint (Bahain et al., 2010;
Voinchet et al., 2015)
Malacology Detailed analyses, especiallyina  Comparison with long

Large mammals

European palaeogeographical
perspective (Limondin-Lozouet
et al., 2006, 2010, 2020)
Identification and preliminary
discussion (Auguste in
Limondin-Lozouet et al., 2006;
Auguste, 2009)

pollens series (Fig. 13)

Comparison with
European data

Palaeobotany Revision of Munier-Chalmas Revision of samples from
collection-Jussieu University ( MNHN Geological Dept.
Jolly-Saad et al., 2007) and Musée de Nemours (
Fig. 8)
Geochemistry Stable isotopes, Mg/Ca and Sr/

Ca ratios from the sampling
column G1 (Dabkowski et al.,
2011, 2012)

altitude of about +25 m above the maximum incision of the present-day
valley. An important part of the tufa deposit, which may have initially
covered an area of about 12.5 ha with a variable thickness of 8-15 m
(Tournouér, 1877), was destroyed by the exploitation of the quarry in
the 19th century. At present, only two areas of intact tufa remain: in the
eastern part of the site under the cemetery, where the deposit is there-
fore inaccessible, and along the western boundary of the former quarry
face, where the most recent investigations were carried out in the 20th
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century (Bourdier, 1961, 1969) and then by our team from 2003 (Fig. 2).
At this time, the stratigraphy was first observed from limited profiles
excavated for malacological sampling. Three of these (S1, S5 and S2;
Fig. 2) on the western side of the former quarry showed that the tufa was
preserved over a thickness of at least 9 m along the slope
(Limondin-Lozouet et al., 2006). A series of boreholes drilled into and
around the top of the formation then demonstrated the maximum extent
of the tufa to west (Fig. 2). Finally, a main section of 35 m in total was
created, allowing precise correlation of the sedimentary units, new
sampling and a better reconstruction of the formation dynamics (Figs. 2
and 3 and Supplementary Material — SM — 1).

2.1. General overview of the stratigraphy

The largest area excavated in La Celle corresponds to the already
well-published “Long Section” (Fig. 3; Limondin-Lozouet et al., 2010,
2020; Dabkowski et al., 2012), which extends 27 m laterally along the
slope, and the adjacent 8 m-long “Profile S2”, which shows most of the
stratigraphic units described in the “Long Section”, but along an almost
perpendicular section (SM1). The detailed unit-by-unit description is
provided in SM1 to complement the general overview of the stratigraphy
below.

Upslope at the NE end of the “Long Section” (Fig. 3), the tufa lays
directly on the altered calcareous Eocene bedrock (unit 17), while
downslope, it overlies sandy to silty deposits from the uppermost part of
the fluvial terrace (units 16 and 15). The first tufa deposits (units 14 to
11) are coarse to sandy-silty with detrital material including abundant
broken shells and bones, quartz, indurated limestone blocks, etc.,
especially in units 14 and 13. Unit 10 is a silty tufa including in situ
bioconstructions and large fragments of tufa forming a barrage-like
mound, associated upslope with the sandy-silty deposits with indu-
rated 10 cm blocks of tufa and the fine sandy to granular tufa from units
9 and 8, respectively. The upper part of those three units is eroded by a
discontinuous level of large limestone and tufa blocks (NB3) and over-
laid by unit 7.

Unit 7 comprises charcoals, abundant mollusc shells and fragments
of tufa, some showing evidence of heating. This unit has developed as an
upbuilding humic soil in which colluvial sedimentation, pedogenesis
and bioturbation are contemporaneous (Limondin-Lozouet et al., 2010).

O Drillings 2005
- reworked area
Excavation 2006

\ Main section 2008

Fig. 2. Site map of La Celle showing i) the first surveys of 2003, carried out along the old face of the quarry, ii) the boreholes indicating the maximum westward

extent of the tufa and iii) the main section cut along the slope.
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Fig. 3. Stratigraphy of the tufa deposit at La Celle with sampling location. Profiles created in 2003 are plotted against the “Long Section” excavated in 2008. Detailed

description of units is given in SM1.

It includes large mammal remains and lithic artefacts attributed to the
Acheulean culture (Limondin-Lozouet et al., 2010). Unit 7 is then eroded
by a second, continuous, level of blocks (NB2), locally associated with
channelized structures (Fig. 3) infilled by oncolithic granular tufa (facies
TOCQ).

The relationship of units 5 and 4 to the rest of the stratigraphy re-
mains unclear if only the 'Long Section’ is considered. Indeed, the whole
tufa mass has been affected upslope by a network of reverse faults
caused by differential compaction processes and a rotational downslope
sliding of the tufa mass linked to post depositional periglacial processes
(Fig. 3). However, observations from “Profile S2” (SM1), together with
the comparison of the malacological assemblages from sampling col-
umns S5 and Cp2 (Fig. 3), suggest that unit 4 is actually contempora-
neous with unit 7, and that unit 5 is the continuation of unit 8
(Limondin-Lozouet et al., 2020).

Few detrital elements are preserved in the following tufa unit 6. Both
units 6 and 3 are locally laminated, with alternation of granular to sandy
tufa, especially in subunits 6' and 3d’ downslope (Fig. 3). A last block
level (NB1) is associated with unit 2, which is eroded at its top. The
uppermost unit 1 is a finer facies (TFH) with discontinuous layers of
sandy-granular tufa with oncolith (TGS) and, mainly at its base, indu-
rated tufa with leaf imprints (Fig. 3).

2.2. Micromorphology and microalgae determination

To complement field observations, a micromorphological study was
carried out at La Celle on 12 thin sections of undisturbed blocks
extracted from the ‘Long Section’ (7 blocks) and the adjacent ‘profile S2’
(Fig. 3 and SM1). Tufa deposits are mainly related to the activity of
cyanobacteria and microalgae, which can be taxonomically determined
from the crystal morphology (Freytet, 1997). As part of a detailed
description of all thin sections, ‘morphotaxa’ identification is provided
in SM2. Fossil ‘morphotaxa’ can be assigned to one or more modern
microalgae based on comparisons of calcite organisation in modern
contexts where the latter have been biologically identified (Freytet,
1997, 1998). Features that then provide key-information on palae-
oecological and palaeoenvironmental conditions (Fig. 4) are summar-
ised here.

At La Celle, micromorphological forms assigned to algal ‘morpho-
taxa’ Broutinella sp./Plaziatella sp. associated with Koeniguerella sequa-
nensis predominate. The occurrence of Koeniguerella sequanensis is
noteworthy (Fig. 4: A), as its holotype was defined at La Celle (Sequana is
the Latin name for the Seine river; Freytet, 1997). However, the
equivalence of this fossil taxon with modern green algae or certain
cyanobacteria (blue-green algae) is uncertain (Freytet, 1997), so no
reliable palaeoecological interpretation can be made based on its

presence. On the other hand, Broutinella sp./Plaziatella sp. (Fig. 4: B & B)
are clearly associated to some modern cyanobacteria (Freytet, 1998)
indicating the effective presence of water (i.e. water level between 0.5
and 30 cm) in an environment where mosses are excluded (Pentecost
and Riding, 1986). Broutinella sp./Plaziatella sp. are specifically
observed in the units at the base of the sequence with facies poor in
detrital elements (units 13 to 11) and in unit 1 (Fig. 3). Additionally, all
tufa units contain Wallnerella fascinans bioconstructions (Fig. 4: C, C’ &
D), which are known to result from the intensive diagenesis of Oocar-
dium crystals (Freytet, 1998). This green alga appears to be more
abundant in dynamic currents, especially in regions where summer
temperatures exceed 25 °C (Pentecost, 1991). In unit 3, W. fascinans is
associated to Sarfatigirella aquavivae (Fig. 4: E), a morphotaxa whose
holotype has also been defined at La Celle (Freytet, 1998). Its
morphology is similar to that of the modern brown algae Vaucheria,
which develops under relatively high hydrodynamic conditions.

In the La Celle thin sections, bioconstructions are observed both in
situ and as part of the detrital content of some tufa units (specifically
units 3d, 3c, 2, and 1; SM2). However, rounded to sub-rounded quartz
grains dominate the detrital content, with fragmented shells and bones
also observed (Fig. 4: F & F’; and Fig. S1: B, C & C' in SM2). The latter are
particularly abundant in unit 7, which has a specific micromorpholog-
ical facies with a micritic matrix likely to comprise carbonated ashes
(Fig. 4: F & F). The detrital content also includes burnt elements and,
locally, abundant earthworm biospheroids (Fig. S1: B in SM2). Altered
bioconstructed fragments are generally difficult to identify and are
enclosed in a dense micritic to macrosparitic matrix (Fig. S1: A & A’ in
SM2).

In summary, from the bottom to the top of the sequence, the
microfacies observed at La Celle provide palaeoenvironmental infor-
mation: the constructed facies of unit 13c were built in a relatively large
(cyanobacteria  Broutinella  sp./Plaziatella sp.) and dynamic
(W. fascinans) water body. These structures were then dismantled,
reworked and deposited nearby (few detrital elements, few fragmented
bioconstructions and shells) by waters with similar dynamics (units 13a
and 12a). During deposition of unit 13a, the slope was not yet stabilised
(presence of limestone fragments from the substratum among the clasts).
In situ constructions indicating relatively deep and dynamic waters are
again preserved (unit 11). The alternation of facies, constructed in situ
and then reworked, related to the same fossil algae, actually reflects the
spatial variations of the same environment during units 13 to 11,
characterised by a fairly high-water level and a relatively intense flow.
During the development of unit 7, slight colluviation mixed detrital el-
ements (bone fragments, detrital minerals including quartz) with the
tufa and carbonated ashes, which give this unit its characteristic grey
colour. According to microscopic observations, the stream was more
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Fig. 4. Photographs in thin section of typical morphotaxa and tufa facies observed at La Celle. Scales are given for each of them. A. fragments of Koeniguerella
sequanensis bioconstructions from unit 7 in plane-polarised light (PP); B&B’. Broutinella sp./Plaziatella sp. from unit 11 encrusting a vegetation pseudomorph, in PP
(B) and crossed-polarised (XP) light (B"); C&C’. Wallnerella fascinans from unit 1 encrusting a root pseudomorph in PP (C) and XP (C; D. gastropod shell encrusted by
Broutinella sp. from unit 11 (PP), fragment of bioconstruction by Sarfatigirella aquavivae are also visible while sparse in this unit; E. Sarfatigirella aquavivae bio-
construction from unit 3d (PP); F&F'. Unit 7 (archaeological level), with abundant detrital material including quartz, shell and bone fragments, as well as bio-
spheroid, in calcitic matrice identified as carbonated ashes, in PP (F) and XP (F). More details are provided in SM2.

dynamic during the deposition of units 3 and 2 (abundant detrital ele-
ments including quartz and Sarfatigirella aquavivae). During the depo-
sition of unit 1, the intensity of the current decreased (reduction in the
proportion of detrital elements), but remained significant (diffuse obli-
que laminations, W. fascinans). Unit 1 is also deposited in relatively deep
water (cyanobacteria Broutinella sp./Plaziatella sp.). Spring inputs
appear to be abundant throughout the sequence, but are more dynamic
in units 3 and 2. The almost constant presence of Wallnerella fascinans
also indicates relatively warm summers during MIS 11.

3. Geochronology

To ensure a robust geochronological control, five independent dating
methods have been applied at La Celle: U-series on indurated tufa
samples and U-series combined with electron spin resonance (ESR) on
horse tooth enamel, ESR on quartz grains, thermoluminescence (TL) on
burnt archaeological flint and amino acid geochronology (AAG) on
mollusc opercula (SM3: Tables S1-S6). A summary of previous

geochronological results is presented below (Table 2), while data from
the AAG analyses is new.

3.1. U-series

U-series analyses were performed on La Celle indurated tufa samples
by two different analytical techniques: alpha (a) spectrometry, HNHP,
MNHN, Paris and TIMS, GEOTOP, UQAM, Montreal. If the « spec-
trometry analysis cannot allow an age calculation due to the limit of the
method (>350 ka, SM3: Table S1), the TIMS analyses permit the dating
of the La Celle samples, providing consistent ages of 387.5 (+88.8/-
48.1) ka and 388.4 (+51/-34) ka (Table 2 and SM3: Table S2).

3.2. Combined ESR/U-series and quartz-ESR

ESR/U series and ESR dating methods were also applied on La Celle
samples, on quartz grains extracted from fluvial sediments of unit 16
located downslope beneath the tufa and on horse tooth from unit 7
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Table 2
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Geochronological dates from La Celle deposits (IPH-MNHN: Institut de Paléontologie Humaine, Muséum National d’Histoire Naturelle, Paris, France; Nottingham:
Quaternary TL surveys Nottingham, UK; Geotop: Université du Québec a Montréal, Canada).

Profile Unit Material Method Result Laboratory
S4 Upper part of the tufa Indurated tufa U-series a spectrometry > 350 ka HNHP - MNHN
S4 Upper part of the tufa Indurated tufa U-series TIMS 387.5 (+88.8/-48.1) ka GEOTOP - UQAM
Main section NB3: block layer Indurated tufa U-series TIMS 388.4 (+51/-34) ka GEOTOP - UQAM
Main section 7: fine grey tufa Heated flint TL 418 + 48 ka Nottingham
Main section 7: fine grey tufa Horse tooth ESR/U-series 424 + 38 ka HNHP - MNHN
Main section 16: fluvial sand Quartz grains ESR 452 + 60 ka HNHP - MNHN
respectively (Bahain et al., 2010; Voinchet et al., 2015). The ESR age
obtained on the fluvial sands (452 + 60 ka, MIS11/12, SM3: Table S3) is 08 2
in agreement with the position of the deposit in the fluvial system. The
ESR/U-series age of 424 + 38 ka (SM3: Table S4) is consistent with this Cromerian
result and with the U-series TIMS ages of indurated tufa samples.
06
3.3. Thermoluminescence M
y MIS 9
. . B 0 LaCelle M1
Heating tests were performed on a burnt flint from the archaeolog- = O A
ical set discovered in level 7 indicating that the artifact was heated to < 04 0 LaCelleM14
350-400 °C in prehistoric times (Mercier in Limondin-Lozouet et al., % o ks
2010). Dating TL measurements on this sample at Nottingham (SM3: =
Table S5) provided an age of 418 + 48 ka very similar to the date ob- e
tained on the horse tooth from the same level. 5 ! O
3.4. Amino-acid geochronology
The intra-crystalline protein decomposition (IcPD) in several indi-
vidual samples of Bithynia tentaculata opercula were analysed from four 2 00 0 0.2 04 06 08 10
samples in La Celle (Table 3 and SM4). This aquatic gastropod is found FAA Ala D/L

primarily at the top of the fluvial series in unit 15, a fine silty deposit
(Fig. 3: Profile S1, malacological samples 1; 2006.11; 2006.14), or
immediately above at the base of the overlying tufa layer unit 11 (Fig. 3:
Profile Cpl, malacological sample 1). According to stratigraphy and the
molluscan succession, these samples correspond to the beginning of the
interglacial period (Limondin-Lozouet et al., 2020).

All samples were processed using the methods of Penkman et al.
(2008, 2011). In brief, individual Bithynia opercula were cleaned,
powdered and bleached (to isolate the intra-crystalline fraction) and the
free amino acids (FAA), and total hydrolysable amino acid (THAA)
fractions analysed by reverse phase high pressure liquid chromatog-
raphy (RP-HPLC) alongside standards and blanks. The concentration,
composition and D/L values of aspartic acid/asparagine (Asx), glutamic
acid/glutamine (Glx), serine (Ser), alanine (Ala) and valine (Val) as well
as the [Ser]/[Ala] value were then assessed to provide an overall esti-
mate of intra-crystalline protein decomposition (IcPD); as each amino
acid racemises at different rates, they are useful over different time-
scales. All of the samples from La Celle (Fig. 5) showed closed system
behaviour (Preece and Penkman, 2005; Kosnik et al., 2008).

When compared to other sites in the same river basin and region, the
La Celle samples have higher levels of IcPD than samples from the MIS 9
sample from Soucy (Chaussé et al., 2004; Antoine et al., 2007), and

Table 3
AAR samples analysed from La Celle.
NEaar Sample name Horizon Material n
no.
4575-8 FLC1Btol-4 Profile S1, M1, unit 15 B. tentaculata 4
opercula
9934-6 FLCM1Btol-3 Profile Cp1, M1, unit 11 B. tentaculata 3
opercula
9937-9 FLCM11Btol- Profile S1 2006, M11, B. tentaculata 3
3 unit 15 opercula
9940-2 FLCM14Btol- Profile S1 2006, M14, B. tentaculata 3
3 unit 15 opercula

Fig. 5. FAA vs THAA D/L for alanine from the intra-crystalline fraction of in-
dividual Bithynia opercula from La Celle, compared to other sites from the
Seine, Yonne and Marne terraces; the ellipses encompass the range of their D/
L data.

lower levels than the likely Cromerian-aged material from
Joinville-le-Pont and Bois de I’Epinette (Schlickum, 1974). Although the
comparator dataset is relatively limited, this supports a correlation with
MIS 11. The levels of IcPD are considerably higher than for British
material of this age (Penkman et al., 2013), consistent with the higher
mean annual temperatures and lower latitude (SM4).

The diverse suite of techniques and material dated at La Celle pro-
vides a mean age of ~400 ka and gives strong confidence to the attri-
bution of the deposit to the MIS 11c interglacial. Geochronological
dating is in good agreement with geological arguments related to the
position of the site in the River Seine terrace system (Lautridou et al.,
1999; Antoine et al., 2007), and in regard to the other main fluvial
systems of the Paris Basin such as the Somme (Antoine et al., 2007,
2019) and the Yonne (Chausse et al., 2004). They are also consistent
with the occurrence of the “Lyrodiscus fauna”, a malacological assem-
blage typical of MIS 11 tufas in northwestern Europe (Rousseau et al.,
1992; Limondin-Lozouet, 2017), and reinforce the chronological value
of this important biostratigraphic marker.

4. Palaeoenvironmental data

La Celle is already renowned for its remarkable palaeontological
content, especially its molluscs and botanical imprints (Table 1).Mol-
luscs are the sole fossil group to be present in the whole sedimentary
sequence, as high calcareous content favoured both development of
snail populations and subsequent shell preservation (Preece, 1991).
Slow accumulation of tufa fossilized in situ communities providing the
opportunity of a detailed reconstruction of local environments as well as
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a general indication about the regional climate. There is thus a very rich
mollusc record at La Celle, already extensively published
(Limondin-Lozouet et al., 2006, 2010, 2020) and summarised below.
The second important fossil group is represented by leaf and fruit im-
pressions, recovered during quarry works in the 19th century. The
revision of the collection curated at Sorbonne Université (Paris) has led
to a publication (Jolly-Saad et al., 2007), and additional data are pro-
vided by samples from the Muséum National d’Histoire Naturelle (Paris)
and the Musée de Nemours that have been recovered more recently
(Table 1): those results are summarised thereafter. This palae-
oenvironmental framework is enhanced by more discrete data from
large mammal remains found in the archaeological level, and the study
of ostracod assemblages recovered in the basal part of the formation.
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4.1. Mollusca

At La Celle, malacological analyses were based on revision of old
collections and new study of 120 samples distributed in five profiles
which have yielded 42,074 individuals belonging to 103 taxa, 94 of
which were assigned to species. The complete set of malacological data
and associated analyses were presented in a previous paper
(Limondin-Lozouet et al., 2020). The exceptional thickness of the La
Celle formation allows observation of the spread and development of the
so-called “Lyrodiscus fauna” (Fig. 6), recognized as a biochronological
reference of MIS 11 tufas in Northwest Europe (Rousseau et al., 1992;
Limondin-Lozouet and Antoine, 2006; Limondin-Lozouet, 2017). This
assemblage is characteristic of a peculiar humid forest environment,
hosting several taxa now extinct or out of their modern range originating

Fig. 6. Selected shells representative of the Lyrodiscus fauna from La Celle. 1 Retinella (Lyrodiscus) elephantium (BourGuiGNAT, 1869), 2 Aegopis acieformis (KLEIN, 1846)
1, 3 Aegopinella bourdieri Rousseau & PuisséGur, 19897, 4 Belgrandia marginata (MicHaup, 1831), 5 Cochlostoma septemspirale (Razoumovsky, 1789), 6 Clausilia pumila
(PrerFrER, 1828), 7 Macrogastra ventricosa (DraPARNAUD, 1801), 8 Clausilia dubia DraparNAUD, 1805, 9 Ruthenica filograna (RossmissLer, 1836), 10 Perforatella bidentata
(GMELIN, 1791), 11 Spermodea lamellata (Jerrreys, 1830), 12 Hygromia limbata (DraparNAUD, 1805), 13 Discus ruderatus (Hart™aNN, 1821), 14 Platyla polita (HARTMANN,
1840), 15 Platyla similis (RenuarpT, 1880), 16 Bradybaena chouquetiana (Tournouér, 1877) 1, 17 Ena montana (DraparNAUD, 1801). Species 1, 2, 3 and 16 are extinct, the
other taxa are now absent in the Paris Basin and most have current central or southern European ranges.
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from central and southern Europe. The malacological succession of La
Celle is divided into 4 biozones, illustrating the main stages of envi-
ronmental change throughout the stratigraphy (Table 4; Fig. 7). The first
zone corresponds to assemblages recovered in alluvial silty deposits
underlying the tufa; they are composed of ecologically tolerant pioneer
species reflecting a marshy grassland. Within the tufa deposit, the
following two biozones (zones 2 and 3) are characterized by increasing
diversity of shade-loving species, demonstrating the progressive devel-
opment of forest cover until a maximum phase in the middle part of the
deposit. During this episode, the shift between the two Discus species is
particularly noteworthy (Table 4). Currently D. ruderatus has a
boreo-alpine distribution and lives mainly in birch and coniferous
woods, while D. rotundatus is widespread over temperate Europe but
does not reach the northernmost areas of Scandinavia and lives in woods
and shady places (Kerney et al., 1983; Welter-Schultes, 2012). In
North-West European Quaternary successions, D. ruderatus characterizes
the earliest stages of pioneer birch and coniferous forest environments
and disappear or is outnumbered by D. rotundatus when deciduous
woodlands develop (e.g. Preece and Day, 1994; Limondin-Lozouet and
Preece, 2014; Granai, 2021). In the uppermost tufa level mollusc as-
semblages of zone 4 reveal a marked forest decline. In addition, a cor-
respondence analysis was conducted classifying molluscan faunas
within five ecological groups (ecozones) named A to E (Table 4; Fig. 7),
based on the extent of vegetation cover and soil moisture conditions.
The open wet land category (A) coincides with zone 1 characterized by a
marshy grassland. The open forest landscapes (B) develop just after and
are similar to those of the decreasing tree cover at the top of the series
(zones 2a, top of 3b and 4); both episodes are characterized by the
presence of hygrophilous snails. Groups C and D correspond to the
increasing extension of the dense forest cover towards a closed canopy
(zones 2b, 2c and 3a). Finally group E contains diversified forest as-
semblages but with less populated communities suggesting the thinning
of the tree cover (zone 3b).

The synthetic diagram (Fig. 7) shows the occurrence of forest species
that are the most characteristic element of environmental changes
during interglacials. At La Celle this group is particularly rich and
diverse and includes many allochthonous or extinct species. The high
sedimentation rate that characterizes the La Celle tufa deposit allows a
detailed reconstruction of the successive arrivals of these most ecolog-
ically sensitive species and to reconstruct the establishment of the
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Lyrodiscus fauna. The order of appearance of these species depends on
their ecological tolerance, with the most specialized arriving last, and
follows a geographical logic corresponding to the distance from the
refuge areas. The first forest colonizers are species with a current
northern and western European distribution. Gradually, species of cen-
tral European origin reach the area, while southern taxa only arrive
during the maximum extension of the forest cover. This succession
highlights two main recolonization routes of forest malacological spe-
cies from the western (Iberian Peninsula) and central European (Car-
pathian) refuges while the Mediterranean area plays a secondary role
(Limondin-Lozouet et al., 2020). The Lyrodiscus assemblage becomes
established at the end of the forest expansion phase (zone 2c¢) and per-
sists throughout the forest optimum (zone 3).

4.2. Flora

Recent investigations did not yield new discoveries of leaf imprints
but an important collection was recovered at the end of the 19th century
from the deposits in the eastern part of the quarry (Munier-Chalmas
collection housed at the Sorbonne Université in Paris). The earliest lists
of vegetation macrofossils from La Celle (Saporta de, 1874, 1876; Cap-
deville, 1959) have been updated after revision of the Sorbonne Uni-
versité collection by Jolly-Saad et al. (2007) who discussed
misinterpretations and proposed several new taxa identifications. In this
last study 24 taxa have been described, to which should be added 5
species reported by the former authors whose determination is not
doubtful, suggesting that their absence is due to losses when the
collection was moved (Table 5). Since then a few samples from La Celle
were identified in the Geological department of the Muséum National
d’Histoire Naturelle in Paris, confirming the occurrence of Scolopen-
drium officinale and Pinus sp. cones in the deposit (Fig. 8). The flora is
composed by a typical thermophilic calcicole group (Quercus, Viburnum
lantana, Ligustrum vulgare, Evonymus europaeus, Cornus sp., Prunus sp.)
and many taxa related to wet conditions (Acer pseudoplatanus, Fagus
sylvatica, Salix group). Most noteworthy is the occurrence of several
trees which, without human intervention, would be absent from the area
today and which have a Mediterranean affinity (Ficus carica, Celtis aus-
tralis, Buxus sempervirens). Compared to the current regional vegetation,
the flora recorded at La Celle is much more diverse.

No precise stratigraphical allocation is attached to the leaf samples in

Table 4
Summary description of La Celle mollusc zones. Complete data set and analyses available in Limondin-Lozouet et al. (2020).
Units Biozones Molluscan assemblage Interpretation Ecozones  Interpretation
Sandy tufa:1 4 forest Dominant hygrophilous open-ground taxa (O. elegans, Succinella oblonga, = Open wet with wooded spots B wet open soil and
decline T. hispidus, V. costata) strict forest snails disappear, most tolerant shade- clear wood
demanding taxa (Aegopinella nitidula, V. crystallina, Arianta arbustorum)
and wet woodland species (S. lamellata, O. navarricus, Perforatella
bidentata)
Tufa: 7 to 2 3 forest b Forest snails diversity maintained but numbers tend to decrease, Dense forest and open spots E clearest forest
optimum expansion of some open environment taxa (Pupilla muscorum, T. hispidus,
V. costata)

a  Forest snails 50-70 %, maximum diversity, intolerant species (Ruthenica  Closed canopy with full D closed forest
filograna, Pomatias elegans, Cochlostoma septemspirale, Sphyradium Lyrodiscus fauna
doliolum, Pagodulina pagodula, Aegopis acieformis, Platyla similis)

Silt: 13 and 2 forest ¢ Forest snails up to 30-46 %, species of moist closed canopy (Retinella Development of humid C well drained soil,
Tufa: 12to  expansion elephantium, Balea heydeni, Platyla polita, Fruticicola fruticum, Aegopinella  forest with Lyrodiscus fauna closed forest
8 pura, Helicodonta obvoluta, Oxychilus navarricus)

b  Forest snails more than 20 % of total landsnails, Discus rotundatus Spread of deciduous forest
outnumbers D. ruderatus, diversification of Clausiliidae (Clausilia dubia,
C. pumila, Macrogastra ventricosa, Cochlodina laminata)

a  Appearance of tolerant forest snails <10 % of total land snails (Discus Spread of pioneer forest B wet open soil and
ruderatus, Vitrea crystallina, Clausilia bidentata, Ena montana, Spermodea clear wood
lamellata, Zonitoides excavatus)

Basal silts: 1 wet Tolerant species (Cochlicopa lubrica, Vallonia pulchella, Trochulus hispidus, Marshy grassland, pioneer A open and wet
15, 14 grassland Nesovitrea hammonis, Punctum pygmaeum, Euconulus fulvus) and fauna with some glacial environment

hygrophilous snails (Oxyloma elegans, Zonitoides nitidus, Vertigo relics
antivertigo) including some boreo-alpine taxa (Vertigo genesii, V. geyeri,

Columella columella)
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La Celle Mollusc Zones
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Fig. 7. Succession of forest land snails in the La Celle tufa formation. 1-4: biozones based on appearance/extinction and acme development of critical species. A-E:
ecological zones reflecting categories of environment according to density of vegetation cover and soil humidity. For complete data set and analyses see Limon-
din-Lozouet et al. (2020). Modern European ranges: North (N), West (W), Centre (C), South (S).

the collection. However, indications from early studies
(Munier-Chalmas, 1903; Jodot, 1907) show abundant remains of mes-
ophilous taxa (Pinus, Betula, Salix, Populus) in the lowest part of the tufa,
and the presence of most thermophilic trees (Ficus, Buxus) from the
middle part of the formation and in the uppermost indurated beds. This
stratigraphic distribution of plant taxa suggests the evolution of climatic
parameters toward milder conditions from the base to the middle part of
the tufa deposit.

4.3. Mammals

The earliest studies reported four taxa from the lower part of the tufa,
Sus, Meles, Castor and Cervus (Tournouér, 1877). Excavations in 2006
yielded 57 bone fragments in unit 7 belonging to five taxa associated
with Acheulean lithic industry (Limondin-Lozouet et al., 2006, 2010,
2015). Most abundant bone remains belong to Cervus elaphus and Equus
sp. (Fig. 9, photographs 3 to 8). The horse is similar to caballine equids
described by Eisenmann (1991) from British sites such as Hoxne, Clacton
and Swanscombe, all three attributed to the Hoxnian (MIS 11) inter-
glacial (Schreve et al., 2007; Auguste, 2009). Two species, Macaca syl-
vanus and Hippopotamus cf. amphibius, are represented by a single
remain, a tooth and a metatarsal respectively (Limondin-Lozouet et al.,
2006) (Fig. 9, photographs 1 and 2 respectively). The report of Macaca is
the first in the north of France. In Europe, macaque fossils are never
common but, according to modelling of their past distribution, La Celle

is in an area highly favourable to their survival (Elton and O'Regan,
2014). During MIS 11 in Northern Europe, the species is known in Great
Britain at Swanscombe and Hoxne (Schreve, 2001; Ashton et al., 2008)
and in Germany at Bilzingsleben II (Fischer et al., 1991). At La Celle, the
discovery of thermophilous floral remains, including fossilized figs
(Fig. 8G), in the middle part of the deposit is consistent with the
occurrence of Macaca known as a consumer of fruits, flowers and leaves
(Elton and O’Regan, 2014). The presence of Hippopotamus at La Celle is
the first occurrence of the genus to be securely dated to the MIS 11
interglacial in northwestern Europe. In the same area Hippopotamus is
recorded in MIS 7 deposits at Montieres in the Somme valley and Moru
in the Oise valley and thus appears as a regular component of Middle
Pleistocene interglacial faunas (Auguste, 2009). The general
morphology and dimensions of the metatarsal from La Celle are similar
to those of the extant H. amphibius, but due to the lack of cranial ma-
terial, the species identification remains tentative. According to Mecozzi
et al. (2023), the first dispersal of H. amphibius in Europe took place from
560/460 ka, and if so, the specimen from La Celle could document the
migration of the species towards northern latitude during MIS 11. For
other authors, however, this hypothesis is still under debate and requires
further data on securely identified cranial remains (Martino et al.,
2024a; and b). Elsewhere in North West Europe H. amphibius is recorded
only during the Late Pleistocene in Eemian deposits of the Rhine and
Thames valleys (Kolfschoten van, 2000; Schreve et al., 2007). Its
absence from the contemporary site of Caours in the Somme basin
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(Antoine et al., 2024) is probably related to the small size of the Scardon
River, as the Hippopotamus semi-aquatic lifestyle requires significant
bodies of water (Auguste, 2009; Martino et al., 2024a). A fifth taxa is
represented by the lower canine of a small carnivore which is not suf-
ficiently diagnostic to allow a taxonomic attribution. This mammal
assemblage indicates a mixed environment including open areas and
dense woodlands that developed under fully temperate climatic
conditions.

4.4. Ostracods

Ostracod faunas were studied in detail from profile S2, present
mainly in units 14 to 12 (Carbonel in Limondin-Lozouet et al., 2006). La
Celle ostracod faunas are characteristic of cold waters, rich in calcium
and of a relatively high energy stream environment becoming calmer at
the top. Two trends can be observed. The first concerns the stygophilic
species: Cavernocypris subterranea, which dominates at the bottom (units
14 and 13), is then gradually replaced by Potamocypris zschokkei, a more
tolerant species in unit 12. The other trend relates to the Pseudocandona
taxa, where P. compressa is replaced by P. albicans, the latter being less
rheophilic than the former. This reinforces what was shown by the
source species, i.e. a slightly more turbulent environment at the base of
the succession than at the top. The distribution of the ostracod faunas is
clearly correlated with the development of wet, even swampy environ-
ments, highlighted by the mollusc faunas in zones 1 and 2a (Table 4).
They disappear when the forest biotopes become denser and the soils
less waterlogged. At the base of the tufa formation, the species are cold
stenotherms, due to their very close association with phreatic water.

Table 5
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5. Palaeoclimatic data

As continental carbonates precipitating at ambient temperature,
calcareous tufas have supported geochemical analyses for palae-
oclimatic reconstructions since the 1980s, particularly through oxygen
and carbon stable isotopes (calcite 5180 and 613C; see Andrews, 2006
and references within). Together with the Eemian tufa in Caours
(Somme valley, France), La Celle has been the first Pleistocene site
where such proxies were investigated. The strong relevance of 5'%0 and
513C in tufas as palaeoclimatic proxies during past interglacials, as
already known for the Holocene, has been demonstrated thanks to
comparisons with the robust, strictly parallel and independent palae-
oenvironmental record provided by mollusc assemblages (Dabkowski
et al., 2011). Variations in tufa 580 are mainly induced by changes in
the mean annual atmospheric temperature while the §'3C is a proxy of
moisture conditions, especially related to the vegetation and soil
type/abundance. At La Celle, complementary information on the rainfall
amount was provided by the Mg/Ca and Sr/Ca ratios, showing a strong
correlation with the §'3C (Dabkowski et al., 2012).

The isotope records (Fig. 10), especially the 580, show stepped
curves that reflect hiatuses at the boundaries between units 7 and 6, then
between units 2 and 1. Two climatic features are noteworthy: i) the
strong, warm and wet, optimum characterised by high §'0 and low
813C values, and coinciding with U7, and ii) the cooler but very humid
episode in the upper part of the tufa (Ul, Fig. 10; Dabkowski et al.,
2012). The lowest 5'3C values are recorded in unit 1, suggesting that the
conditions were even wetter than during the optimum. Comparison with
geochemical data from the Holocene tufa of Saint-Germain-le-Vasson

Taxonomic inventory of La Celle flora specimens. Collections: Paris Sorbonne Université (PSU), Muséum National d’Histoire Naturelle, Paris
(MNHN), Musée de la Préhistoire de Nemours (MPN). Species in grey have not been recognized in recent revisions.

Collections PSU, MNHN, MPN PSU MNHN MPN
Authors SAPORTA| MUNIER-  [JODOT | CAPDEVILLE | JOLLY-SAAD | JOLLY-SAAD | JOLLY-SAAD
1876 | CHALMAS 1903 | 1907 1959 et al. 2007 2021 2022
Bryophytes X X X X X X
Hépathiques X X
Osmunda regalis L. X
Phragmites sp. X
Monocotyledons unidentified X X
Scolopendrium officinale Sw. X X X
Pinus austriaca Hoss X X X
Pinus sp. X
Acer pseudoplatanus L. X X X X X
Acer sp. X X
Alnus glutinosa L.
Betula pubescens Ehrh. X X
Betula sp. X
Buxus sempervirens L. X X X X
Celtis australis L. X
Cerecis siliquastrum L. X X
Clematis vitalba L. X X X X
Cornus sp. X
Corylus avellana L. X X X X
Euonymus latifolius Scop. X X X
Euonymus europaeus L. X
Fagus sylvatica L. X X
Ficus carica L. X X X X X
Fraxinus excelsior L. X X X

10



N. Limondin-Lozouet et al.

Quaternary Science Reviews 370 (2025) 109667

Hedera helix L. X

Laurus canariensis Webb.

Laurus nobilis L. X

Laurus nobilis var. canariensis Webb. X

Ligustrum vulgare L.

Parietaria officinalis L. aff. P. erecta
Mert. & Koch

Populus canescens Smith X

Populus cf. P. nigra L.

Populus tremula L.

Prunus insititia L.

X | X | X | X
x

Prunus malaheb L. X

Prunus padus L.

x

Prunus spinosa L.

Prunus sp.

Quercus sp.

Salix cf. S. caprea L.

Salix cf. S. alba L.

Salix cinerea L.

Salix fragilisL. X

Salix incana Schrank

X [X | X | X | X | X [X [X

Salix repens L.

x
X [ X [ X | X

Salix cf. S. viminalis L.

Salix sp. X

Sambucus ebulus L. X

Sambucus nigra L.

Ulmus campestris L.

Viburnum lantana L.

Viburnum tinus L. X

Unidentified sp. 1

Unidentified sp. 2

Apiaceae seeds

Unidentified seed

X [ X | X | X

(Normandy, France) demonstrates that, in northern France, the MIS 11c
was warmer and especially wetter than the present interglacial
(Dabkowski and Limondin-Lozouet, 2022).

6. Data synthesis: depositional history and
palaeoenvironmental reconstruction

The diverse and rich palaeontological, micromorphological and
geochemical data has been combined to reconstruct the dynamics of tufa
development and the related palaeoenvironmental and palaeoclimatic
conditions. This can be summarised in six main steps (labelled A to F),
leading to the stratigraphic succession observed at the location of the La
Celle “Long Section”, as shown in Fig. 10.

Step A — At La Celle, the earliest Quaternary sediments overlying the
erosion step in the limestone bedrock are represented by a thick body
(>1.5m in S1) of coarse fluvial gravels interbedded with sand lenses
(unit 16). These deposits are typical of high-energy braided river sys-
tems deposited in periglacial environments. They are connected to full
glacial periods and commonly form the main body of the alluvial ter-
races in northern France valleys (ie. Somme, Seine, Yonne, etc.; Antoine
et al., 2000, 2007). They are overlaid by laminated greenish calcareous
silt (unit 15) characterising flood plain overbank sediments. These de-
posits were formed during flooding events of a single channel
meandering system as demonstrated for the bottom valley sequences
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formed during the Weichselian-Holocene cycle. They represent early
interglacial conditions in the climatically-driven system of the fluvial
terraces in the Paris Basin (Antoine et al., 2007). The ESR dating on
quartz from unit 16 (Fig. 3 and Table 2) is consistent with an assignment
to the MIS 12/11 transition. Additionally, the deposition of the silty unit
15 in the Paleo-Seine floodplain is contemporaneous with the onset of
tufa at La Celle (units 14 and 13). Tufa precipitation requires both that
temperatures and especially humidity have increased (Pentecost, 1995,
2005; Dabkowski and Beaumont, 2024) and that springs have begun to
supply carbonate-rich waters on the slope, as emphasized by the
occurrence of cold stenotherm ostracod species related with phreatic
waters (Fig. 11: Step A). Units 15 (fluvial silt) and 14 (tufa) both host
malacological assemblages assigned to zone 1, i.e. to a pioneer fauna
characteristic of a marshy grassland. The following tufa unit 13 records
the spread of Discus ruderatus and the associated pioneer coniferous
forest (mollusc zone 2a; Table 4). In early studies beds of Pinus cones are
reported in the basal part of the tufa about 2 m above the fluvial gravel
(Munier-Chalmas, 1903; Jodot, 1907). Parallel, unit 14 provides the
earliest geochemical data on tufa calcite for the sequence. It suggests
that climatic conditions were still relatively cool and dry compared to
those recorded next (Fig. 10; Dabkowski et al., 2012). Unit 13 is not
preserved at the sampling location for geochemistry (Fig. 3).

Step B — In the field, the first tufa units 14 to 11 show strong simi-
larities. The last three have been observed in thin section: the
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Jl’.

Fig. 8. La Celle flora: A-B: Female seed cones of Pinus sp.; C: Ficus carica foliar prints; D: Acer pseudoplatanus foliar print; E: Clematis vitalba foliar print; F: Asplenium
scolopendrium foliar print with sporangia. G: Ficus carica fruit molding. H: Populus tremula foliar print; I: (a) Betula pubescens, (b) Salix incana foliar prints; J: un-
identified taxa, leaf print; K: Buxus sempervirens stem molding with leaves and one flower or fruit in the central part of the molding; L: Viburnum lantana leaf print; M:
Bryophytic facies; N: unidentified taxa. Scale bars: A-B, D, E, F, H, I, K, L: 2 cm; G, N: 1.5 cm; M: 1 cm. Photographs from Munier-Chalmas collection, Geological

Department of the Muséum National d’Histoire Naturelle, Paris (MNHN).

predominance of indurated facies, mainly constructed by Broutinella sp./
Plaziatella sp. (Fig. 4B and B’), suggests that the water depth was be-
tween 0.5 and 30 cm while the fossil algae Wallnerella fascinans also
indicates a lively flow (SM2; Freytet, 1998, 1997). The succession of in
situ indurated facies and partly reworked fragments of incrusted vege-
tation corresponds to lateral variations of the same tufa environment
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from upslope springs (Fig. 11: Step B). In unit 13, detrital elements
including quartz, broken shells and bones, and fragments of limestone
from the substratum are still present, which confirm that the slope was
not completely stabilised when tufa started forming at La Celle (previous
Step A). On the other hand, only few detrital elements are preserved in
units 12 and 11, as vegetation developed. This is strongly consistent with
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Fig. 9. La Celle mammal fauna from Unit 7. 1 Macaca sylvanus left upper fourth premolar, scale 5 mm; 2 Hippopotamus cf. incognitus left metatarsal IV, scale 5 cm;
Cervus elaphus: 3 calcaneus, 4 right radio-ulna, 5 thoracic vertebrae, 6 proximal phalanx, scale 5 cm; Equus sp. type Hoxne: 7 tooth, scale 1 cm, 8 coxal, scale 5 cm.

the disappearance of ostracod faunas and the spread of Discus rotundatus,
characteristic of deciduous forests in those units (mollusc zone 2b;
Table 4), contemporaneously with the increase of humidity conditions
as recorded by the 5!3C decrease in unit 12 (Fig. 10; Dabkowski et al.,
2012).

The geometry and facies of the following units 10 to 8 are typical of
barrage systems developed in moderate stream flow, downslope from
the feeding spring (Fig. 11: Step B): unit 10, made of indurated tufa
edifices built in situ, is associated with coarse deposits including large
fragments of tufa and, locally, in situ bioconstructions within a sandy-
granular tufaceous sediment in units 9 and 8. No micromorphological
observations are reported from these units on the “Long Section”.
Mollusc assemblages indicate a moist closed forest, characterised by the
settlement of the Lyrodiscus fauna (mollusc zone 2c; Table 4). According
to geochemical data, temperate and moist conditions are already settled
at the top of unit 12, but increasing temperature and humidity (i.e.
decreasing 5'®0 and increasing 8'°C, respectively) are observed again in
unit 8, leading to the climatic optimum recorded in the following unit 7
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(Fig. 10).

Steps C & D — Level NB3 made of an accumulation of reworked tufa
blocks testifies to a major episode of colluvial deposition caused by an
event of opening up of the landscape (Fig. 11: Step C). This level also
contains burnt fragments of flint and tufa. Unit 7 is not so coarse-grained
(granular) but still contains burnt elements and ashes identified under
the microscope, which give it its grey colour. The presence of detrital
minerals from the slope and abundant shells and bone fragments (Fig. 4:
F&F’) testify to less extensive colluvial dynamics, reflecting the re-
establishment of vegetation (Fig. 11: Step D). Springs were still active
during the development of this unit, contributing to the precipitation of
an abundant micritic matrix. As for the palaeoenvironmental and
palaeoclimatic markers, they record optimal interglacial conditions. The
maximal diversity and number of forest snails are reached in unit 7
(mollusc zone 3a; Table 4), while geochemical data indicate maximal
mean annual temperatures (maximal 580 values) and wet conditions
associated with particularly intense rainfall (Fig. 10; Dabkowski et al.,
2012). The landscape opening at a time when it was not expected
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the optimum.

(during the climatic optimum), together with the presence of burnt el-
ements and ashes in block level NB3 and unit 7 show the occurrence of at
least one fire event on the slope, already discussed by Limondin-Lozouet
et al. (2010). The archaeological level excavated at the base of this unit
is therefore contemporaneous with the climatic optimum of MIS 11c and
the local fire episode (Fig. 11: Step C) as attested by the presence of a
heated flint artifact that has been TL-dated. The remains of mammals
found are also characteristic of particularly warm and humid conditions,
especially those of Macaca and Hippopotamus. Early studies indicate beds
of Acer, Buxus and Ficus imprints in the middle part of the deposit be-
tween 5 and 6 m above the fluvial gravels (Munier-Chalmas, 1903;
Jodot, 1907). The wealth of information provided by the various disci-
plines is illustrated in a reconstruction of the Seine valley during this
phase of the interglacial period (Fig. 12).

The upper part of unit 7 is eroded by a second block level (NB 2).
However, it contains little or no burnt elements, and the overlying unit 6
is not as grey in colour as unit 7. Therefore, the possibility of a fire
episode here cannot be supported by field observations. However, the
transition between units 7 and 6 corresponds to a marked change in both
the palaeoenvironmental and palaeoclimatic records, indicating a sedi-
mentary hiatus. The number and diversity of forest mollusc shells
decrease although the assemblage remains clearly dominated by forest
taxa (mollusc zone 3b; Table 4). The stable isotope curves show abrupt,
step-like variations at the transition between units 7 and 6 (Fig. 10)
toward cooler and less humid conditions. This could be
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contemporaneous with a regional episode of forest regression as dis-
cussed by Dabkowski et al. (2012) and in the following section 7.

Step E — The tufa formation resumes with the deposition of unit 6,
which contains only a few detrital elements that form greyish layers,
testifying to the re-establishment of vegetation. Further down the slope,
the overlying unit 7 is locally eroded by oncolith channels (TOC; Fig. 3).
Sub-unit 6' then consists of alternating granular and fine sandy layers,
laminated, indicating moderate spring activity. Unit 3 is then dominated
by sandy-granular deposits containing detrital material reworked from
the slope and lenses of sandy tufa. These field observations are therefore
indicative of a system of small channels running down the slope (Fig. 11:
Step E). In thin sections (SM2), detrital elements (quartz, shell frag-
ments) are abundant and bioconstructions are present in the form of
highly fragmented pieces. Only small structures attributed to Sarfati-
girella aquavivae and Wallnerella fascinans have been locally observed in
situ. These two fossil taxa, especially S. aquavivae (Fig. 4E), indicate
highly dynamic conditions and therefore active springs, in agreement
with field observations.

However, geochemical data indicate reduced moisture conditions,
particularly in Unit 3, which may be associated with a change in vege-
tation and soil type/abundance (Fig. 10). Indeed, the mollusc fauna in
zone 3b is characterised by a diversified forest fauna, but with a reduced
number of shells and peaks in the number of open ground species,
suggesting a reduction in forest cover. In particular, a marked decrease
in deciduous forest species is recorded at the end of this malacological
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Fig. 11. Palaeoenvironmental reconstruction of the La Celle tufa edification.

zone in Unit 2 (Table 4). This is consistent with the cooler temperatures
recorded by stable oxygen isotopes since the base of Unit 6 (Fig. 10),
marking the end of the climatic optimum.

The transition between units 2 and 1 is marked by a new hiatus
observed in the field and in abrupt changes in both the palae-
oenvironmental and palaeoclimatic records (Table 4 and Fig. 10).
Similarly to the earlier hiatus observed between Unit 7 and 6, it could be
related to important regional environmental changes, discussed further
by Dabkowski et al. (2012) and in the next section.

Step F — The smaller grain size of unit 1 indicates less-dynamic
conditions than those of units 6, 3, and 2. Microscopic observations
support this interpretation, as detrital elements are less abundant.
However, the presence of the fossil species Wallnerella fascinans is still
significant (Fig. 4C and C’). The other identified taxa (cyanobacteria
Broutinella sp./Plaziatella sp.) indicate relatively deep water (SM2)). A
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laminated structure is observed both in thin sections and in the field,
suggesting small, divagating channels with fine fill (Fig. 11: Step F). Unit
1 is contemporaneous with mollusc zone 4, which indicates a reduction
in forest cover, although patches of wet woodland persist in an open,
humid environment (Table 4). These data are consistent with the record
of minimum temperatures and particularly humid conditions in Unit 1,
as indicated by the lowest 5'3C and 8'%0 values, respectively (Fig. 10).

Finally, the top of the tufa formation was probably eroded as soon as
the next glaciation (MIS 10) began, as the next alluvial terrace had been
incised, and then during the following climatic cycles, until it reached its
present configuration.

7. Discussion

The long sequence of La Celle is the key-reference for aligning shorter
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Fig. 12. Landscape reconstruction at La Celle during the interglacial optimum. Drawing B. Clarys.

regional malacological series with a similar assemblage into the envi-
ronmental dynamics of the MIS 11 interglacial, as it is a unique record of
the emergence, development and disappearance of the Lyrodiscus fauna.
Comparison of malacological data from Northwestern European MIS 11
tufas with the La Celle succession demonstrates that other shorter se-
quences from England and France (Fig. 1) yield faunas matching those of
La Celle zones 2c and 3, indicating the maximum extension of the forest
cover and corresponding to the appearance and development of the
Lyrodiscus assemblage (Limondin-Lozouet et al., 2020). Dating from
Saint Pierre les Elbeuf (Cliquet et al., 2009; Voinchet et al., 2015),
Vernon (Lécolle et al., 1990), Saint-Acheul (Limondin-Lozouet and
Antoine, 2006) and Beeches Pit (Preece et al., 2007; Voinchet et al.;,
2015) are consistent with those of La Celle and strengthen the correla-
tion of the Lyrodiscus fauna occurrence with MIS 11c.

La Celle is thus the longest MIS 11c tufa sequence preserved until
now in North-West Europe and the only one showing the complete
development of mollusc faunas reflecting expansion of forest biotopes.
Vegetation reconstruction inferred from malacological data is corrobo-
rated by numerous leaf imprint occurrences and reinforced by the
presence of thermophiles mammal species. Moreover, these palae-
ontological datasets are closely linked to geochemical analyses
providing a reliable framework of associated climatic conditions and the
reconstructed environmental succession. The La Celle results are a
model for regional sequences and can be compared to other long records
at a wider European scale.

8. The MIS 11 interglacial palaeoenvironmental dynamics and
climatic variability

The La Celle data can be compared to other regional MIS 11c pollen
records from Marks Tey in Great Britain (Turner, 1970), Dethlingen in
Germany (Koutsodendris et al., 2010) and Praclaux in South-eastern
France (Reille et al., 2000) (Fig. 13). The first biostratigraphic zone at
La Celle is characterized by a pioneer fauna of open wet ground that is
very similar in composition to the earliest Lateglacial Weichselian as-
semblages recovered in the area (Limondin-Lozouet, 2011) and corre-
sponding in palynological records to an interstadial vegetation cover
with Salix, Betula and Pinus (Antoine et al., 2000; Pastre et al., 2003). In
the following zone 2a, forest snails appear and particularly Discus
ruderatus, a species emblematic of pioneer coniferous forests. This suc-
cession can be compared with the pre-temperate phase (zone Ho I) at
Marks Tey and zones 1 and 2 at Praclaux, both palynological records
showing a boreal forest dominated by Pinus, Betula evolving to a
temperate forest with open areas at Praclaux. Moreover, early studies
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undertaken at La Celle report the presence of abundant cones of Pinus in
the basal tufa layers (Limondin-Lozouet et al., 2010) that may corre-
spond to this earliest phase of forest development.

Subsequently Discus rotundatus appears and outnumbers D. ruderatus
(Fig. 7 and Table 4) This Discus succession has been identified as a
classical marker of the spread of deciduous forest in interglacial suc-
cessions of Northwestern Europe (Preece and Day, 1994; Preece and
Bridgland, 1999; Meyrick, 2001; Limondin-Lozouet and Preece, 2014).
The important increase of forest species including those forming the
Lyrodiscus assemblage indicates the development of the forest cover
until a closed canopy. This succession from zones 2b to 3a at La Celle
correlates with an isotopic record showing increasing humidity and
temperature ending in an optimum phase (Fig. 13: Part A). That stage
can be compared with the early temperate and mesocratic phases at
Mark Teys and Dethlingen and with zones 3 to 5 at Praclaux. All paly-
nological successions indicate the development of temperate forest and
increasing humidity marked by the occurrence of Taxus. Sustained mild
climate is highlighted at Praclaux while zone VII at Dethlingen corre-
sponds to the maximum occurrence of forest temperate taxa. Indurated
tufa beds yielding imprint leaves of thermophilic taxa Buxus and Ficus,
were observed in the middle part of La Celle tufa (Limondin-Lozouet
et al., 2010).

During most of zone 3b at La Celle, the diversity of forest snail species
is persistent, but their individual occurrences are discontinuous and the
abundance of their populations is decreasing. At the top of zone 3b most
of the species composing the Lyrodiscus fauna vanish. This distribution
suggests progressive openings of the forest cover. Isotopic data indicate
less temperate conditions and unstable humidity with dry episodes
which correspond to punctual development of open ground snails
(Pupilla muscorum, Vallonia costata) (Limondin-Lozouet et al., 2020).
This episode can be compared with the late temperate and oligocratic
phases at Marks Tey and Dethlingen, which show a progressive decline
in temperate forests, replaced by grassland communities. Similarly,
zones 6 to 8 at Praclaux show a phase of temperate forest followed by a
decrease of temperate taxa to the expanse of coniferous (Pinus, Picea)
and cooler climatic conditions. In all pollen sequences, this last stage
corresponding to cooler climatic conditions is characterised by the
presence of Pterocarya.

The interglacial forest dynamics is marked by several disruptions. At
Dethlingen two peaks of Pinus are registered, the most important occurs
in the upper part of the mesocratic phase (zone VIII) and has been
interpreted as a climatic oscillation named OHO (Older Holsteinian
Oscillation) which is comparable to the Holocene 8.2 ka climatic event
(Koutsodendris et al., 2012). The second Pinus peak (zone XI) occurs in
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the middle of the oligocratic phase. These events are hardly visible in the
Praclaux succession which is consistent with previous observations
pointing to the absence of the OHO in European palaeoclimate records
between 45° and 50° latitude North (Koutsodendris et al., 2012). In the
Marks Tey succession the top part of the early temperate phase (zone Ho
IIc) is affected by an episode of decline in some temperate trees and
increasing herbaceous pollen associated to fire evidence revealed by
abundant charcoal fragments (Turner, 1970). Later on, this event,
named the NAP phase, has been correlated with an abrupt climatic
oscillation recorded in the North Atlantic cores and compared to the
OHO event in terms of their position in the vegetation history (Tye et al.,
2016; Candy et al., 2021).

At La Celle three hiatuses occur during the forest expansion (Fig. 13).
The first is recorded at the transition between zones 2 and 3 (i.e. at the
base of the unit 7), where the forest reaches its maximum development
and is related to a fire event evidenced by a colluvial deposit (level NB3),
and the presence of charcoals, ashes as well as burn flint (Fig. 11: Step
C). This event is in the same position as the NAP phase of Marks Tey
within the vegetation dynamics (Fig. 13). A similar event was recorded
at Hoxne and led to the suggestion that major fires may have affected the
vegetation over a wide area of southern East Anglia (Turner, 1970). In
this context, the La Celle data would allow this interpretation to be
extended to the regions on the other side of the Channel, although
further observations are mandatory to confirm this hypothesis. Because
of the hiatus created by the fire event, the La Celle isotopic archives
contain no evidence linking this event to a cold climate oscillation, as it
has been argued for the Marks Tey NAP phase based on a correlation
between the site’s tephra and North Atlantic ice cores (Candy et al.,
2021). The other hiatuses of La Celle are situated at the base and top of
zone 3b. They have been tentatively linked to episodes of forest
regression (Dabkowski et al., 2012). However, the local or regional
impact of these events remains difficult to determine.

The top part of the La Celle succession (zone 4) is characterized by a
dramatic impoverishment of the forest snail community. Remaining
species in this category are the most ecologically tolerant together with a
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few wet woodland species, both showing declining populations. Domi-
nant snails during this episode are hygrophilous and open ground taxa
(Table 4). These data are consistent with geochemical record indicating
the coolest and wettest conditions of the sequence. This phase can be
compared with post temperate and telocratic phases at Marks Tey and
Dethlingen marked by the domination of boreal trees and the develop-
ment of open grassland vegetation. At Praclaux the top zone 9 is char-
acterized by a boreal forest and the increase in NAP communities.

To sum up, the palaeoenvironmental reconstruction deduced from
the malacofauna of La Celle shows a regular development of forest
habitats, with an optimal phase in the middle part of the deposit, fol-
lowed by a gradual regression of wooded areas in the second part of the
tufa formation and ending with the opening of the landscape in the
upper level. It appears consistent with vegetation dynamics recon-
structed from long continental pollen records supporting correlation of
the La Celle interglacial with MIS 11c.

8.1. Chronological position of La Celle interglacial within MIS 11c

Peculiarity of duration, climatic parameters and rhythm of sea level
rise of MIS 11c has been extensively exposed and discussed in recent
years, providing a number of interpretations related to the impact of
global parameters on the structure of this long interglacial and discus-
sing the response and timing of continental biocenoses (e.g. Rousseau,
2003; Tzedakis et al., 2022). The scheme of terrestrial palaeoenviron-
ments appears consistent in the southern part of Europe (Oliveira et al.,
2016; Desprat et al., 2017; Kousis et al., 2018) but diverse variations are
observed in the northernmost part of the continent producing a mosaic
of regional responses during the first part of the interglacial (Tzedakis
etal., 2022), and even suggestions of delayed growth of temperate forest
at some locations north of 50° (Koutsodendris et al., 2010, 2012). In this
context the chronological representativeness of the La Celle sequence
that exhibits three hiatuses and is very probably eroded in its upper part
has to be questioned. Multiple dates unambiguously place La Celle
within the interval of MIS 11c as defined by the chronological frame of
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SPECMAP (Imbrie et al., 1984: 423-395 ka BP), the benthic LR04 stack
(Lisiecki and Raymo, 2005: 428-397 ka) and that proposed by Tzedakis
et al. (2022: 426-396 ka), but the wide margins of error in the absolute
dating (Table 2) make it impossible to use them to estimate the precise
duration covered by the tufa deposit. However, the evolution of both
biological and climatic proxies provide relevant information.

Dispersion of land snails might occasionally be due to animal
transportation (Wada et al., 2011) but is mainly linked to the spread of
vegetation on which gastropods depend (Cameron, 2016). Thus, the
presence of the Lyrodiscus fauna on both sides of the Channel would have
been hardly possible without a land connection. As it is now widely
conceived that the Dover Straight was definitely opened during MIS 12
by a catastrophic overflow of the glacial lake confined in the southern
North Sea (Gibbard, 1995; Gupta et al., 2007), the connexion between
the malacological faunas would have been only possible during the
earliest stages of the MIS 11 interglacial. This hypothesis is in accor-
dance with the reconstructions of Termination V showing a slow rise of
sea-level that took some 20 ka to reach its maximum allowing persis-
tence of land bridges during the early part of MIS 11c (Rohling et al.,
2010; Tzedakis et al., 2022).

The La Celle succession provides a unique record of the emergence,
development and disappearance of the Lyrodiscus fauna and creates a
framework to position shorter British sequences during the phase of
maximum forest extension (Limondin-Lozouet et al., 2020), as sup-
ported by the interpretation of key site datasets (Kerney, 1959; Preece
et al., 2007; Sherriff et al., 2021). This implies that the dispersion of this
peculiar assemblage toward westernmost territories of south-east En-
gland must have begun during the first part of MIS 11c when low sea
level allowed maintenance of a land connection. The basal part of La
Celle tufa recording the emergence of the Lyrodiscus fauna was therefore
most likely formed during the first part of the interglacial.

The episode of pronounced closed canopy and the thermal optimum
are clearly synchronous according to consistent palaeontological and
geochemical data (zone 3a and part A3, respectively; Fig. 13). Compa-
rable malacological signatures and associated interglacial geochemical
values have been reported in the UK from Beeches Pit (Preece et al.,
2007) and Hitchin (Kerney, 1959; Sherriff et al., 2021). At both sites, the
data have been interpreted in a similar way and correlated with the Ho
III palynological zone of the Hoxnian succession and paralleled with the
maximum temperature of the EPICA record (Sherriff et al., 2021). In the
palynological succession of Marks Tey zone Ho III and associated iso-
topic values correspond to the late Hoxnian ‘warmth’ of the second part
of the interglacial, posterior to the NAP cold event dated around 415 ka
by tephrochronology, and compared with the late MIS 11c warmth of
the Atlantic records (Tye et al., 2016; Candy et al., 2021). The detailed
La Celle malacological model allows the UK occurrences of the Lyr-
odiscus fauna to be placed on the boundary of zones 3a-3b
(Limondin-Lozouet et al., 2020). If all correlations are correct, it sug-
gests that the second half of the La Celle sequence is to be placed in the
second part of the interglacial.

Comparison with the pollen records indicates that the La Celle suc-
cession covers most of the MIS 11c. This interpretation is strengthened
by the high level of biodiversity observed at the site which far exceeds
that of any other interglacial series from the late Middle Pleistocene to
the Holocene (Jolly-Saad et al., 2007; Limondin-Lozouet and Preece,
2014; Limondin-Lozouet et al., 2020). For example, at La Celle, the
mollusc fauna is represented by 103 taxa, 94 of which are identified to
the species level; by comparison, the Eemian tufa at Caours yields 80
taxa including 71 species, while the proportion for the Holocene tufa at
Saint-Germain le Vasson are 61 taxa including 51 species identifications
(Antoine et al., 2024; Limondin-Lozouet and Preece, 2004). At the Eu-
ropean scale, molluscan diversity appears to have been markedly higher
during the interglacial stages of the late Middle and Late Pleistocene
than during the Holocene, with sites attributed to MIS 11 representing
the richest assemblages (Limondin-Lozouet and Preece, 2014). Although
climatic parameters are lacking for most continental sequences, studies
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of tufas from northern France indicate that La Celle MIS 11 climate was
wetter and warmer than the Holocene and MIS 5e (Dabkowski and
Limondin-Lozouet, 2022). These conditions certainly had a decisive
impact on the development of mollusc biodiversity and associated
vegetation. Additional palaeoclimatic data from continental archives are
therefore required to clarify the relationships between climatic regimes
and biotic communities. It should also be noted that high biodiversity
has been reported at several MIS 11c sites across Europe (Lozek, 2000;
Rousseau, 2003; Preece et al., 2007; Mania, 2024) and interpreted by the
authors as highlighting the exceptional duration of this interglacial
period, which played a major role in the development of diverse fauna
and flora assemblages expanding from central and southern European
refugia.

9. Conclusion

Due to its high sedimentation rate, well preserved stratigraphic
sequence, palaeontological richness, geochemical data and particularly
well constrained chronology, the La Celle tufa is an outstanding
sequence for reconstructing climatic and palaeoenvironmental condi-
tions of MIS 11c in NW Europe.

Specifically, it provides a great diversity of land snails and the
reference for the Lyrodiscus fauna development, allowing the position of
other sites with this assemblage composition within the MIS 11c chro-
nology. The unusual mixture of central and southern European elements
has allowed discussion of migration routes and location of major refuges
in the Carpathians and the Iberian Peninsula (Limondin-Lozouet et al.,
2020). La Celle also records one of the richest macrofloral assemblages
and the first occurrence of Hippopotamus in NW Europe (and the first
Macaca in northern France) during MIS 1lc. Additionally, it is the
longest MIS 11c climatic record based on tufa geochemistry which has
served as a reference site for comparing climatic intensity of past in-
terglacials (Dabkowski and Limondin-Lozouet, 2022). Comparison of
vegetation dynamics with long NW European pollen records is strongly
consistent and demonstrates the contemporaneity of La Celle with
almost the entire MIS 11c interglacial. Therefore, the “La Celle Inter-
glacial” is proposed as a major reference for this period in Northwestern
Europe.
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