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Abstract

The origin of white calcite silts forming 0.5 to 3-cm-thick lenses in alluvial fan

deposits 14C-dated to the Last Glacial Maximum in the Dronne Valley (Dordogne,

southwest France) is investigated using microscopic imagery, chemistry, and O and C

stable isotopes. The calcite silts, composed mainly of aggregates of 3–5-μm euhedral

crystals, do not resemble secondary precipitations of pedological origin because of

the strata-like pattern and the lack of clearly identifiable biological structures. Their

association with evidence of ice formation in the soil (platy structure, involutions)

suggests that they were deposited in a deep seasonal frost context. Their isotopic

composition differs significantly from those of detrital carbonates and of Holocene

bioprecipitation and seems to be best explained by precipitation under closed-system

conditions. Calculation of the isotopic composition of calcite that would have formed

in equilibrium with groundwater of regional LGM aquifers provides values that are in

the range of the composition of the calcite silts for a precipitation temperature close

to 0�C. Therefore, these deposits are interpreted as cryogenic calcite precipitated

from waters close to saturation with respect to calcite freezing at the base of/within

icings or within the ground, possibly from frost blisters. Similar calcite precipitation at

the outlet of karstic springs may have been abundant in the calcareous terrains of

southwest France during the LGM, although still unrecognized in the geological

record.

K E YWORD S

cryogenic calcite, icing, Last Glacial Maximum, malacofauna, O and C stable isotopes, southwest
France

1 | INTRODUCTION

Over the past decade, mapping of field evidence of permafrost,1 esti-

mation of aquifer recharge temperature,2 and paleoclimate modeling3

have shown that the Aquitaine region (southwest France, 44–45�N)

was not affected by permafrost during the Last Glacial Maximum

(LGM). Periglacial environments associated with deep seasonal ground

freezing nevertheless existed as demonstrated by a range of

indicators, particularly ground thermal contraction cracks filled with

aeolian sand (i.e., relict sand wedges1,4) and cryoturbation.5 In this
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context, different types of seasonal ice are likely to have existed in

the ground and on the surface. They include segregation ice, intrusion

ice, icings, and ice infills in caves. In most cases, these ice bodies did

not leave readily identifiable traces after melting. A few exceptions

involve lenses of segregation ice in soils (e.g.,6), which created platy

(micro-)structures stable enough to be preserved over time. Platy

structures have been identified throughout Aquitaine in LGM

sediments (e.g.,7,8).

In calcareous environments, the formation of ice from mineralized

water leads to oversaturation with respect to calcite and precipitation

of “cryogenic calcite.” The calcite crystals have a variable size and

morphology depending on precipitation conditions, in particular air

temperature, precipitation rate, and gas exchange (CO2) with the

atmosphere,9–11 and depending on the depositional environment

(ground or ice surface, pools, sediments).10,12–14 Cryogenic calcite

accumulations are well known in modern cold environments and have

been the subject of a great deal of work. As such, when preserved in

the sedimentary record, they are good indication of the presence of

ice in the past. Pleistocene cryogenic calcite has been reported in the

literature mainly from caves in Europe (e.g.,10,15–17). Subglacial calcite

has also been described by Sharp et al.18 and Lipar et al.,19 while the

only example of intra-sedimentary cryogenic calcite precipitation has

been reported by Thiry et al.13 in the Paris Basin, France.

The purpose of this paper is to describe white calcite silt lenses,

interpreted as LGM cryogenic calcite deposits interbedded in an allu-

vial fan in Aquitaine discovered during the excavation of an archaeo-

logical site. It constitutes the first-known example in southwest

France. After description of the geomorphological and stratigraphic

setting, the arguments in favor of the cryogenic origin of the calcite

deposits are presented.

2 | GEOMORPHOLOGICAL SETTING

The site (0�2002500E, 45�15046”N, altitude ca. 61 m a.s.l.) is located in

the Dronne Valley, on the right bank of the river 1.7 km west of the

village of Villetoureix. The topography revealed by Lidar survey

(RGEALTI® 5 m, Institut Géographique National) shows that it is

located on an alluvial fan at the outlet of a dry valley incising the lime-

stone bedrock (Campanian, 1:50000 geological map of France,

https://infoterre.brgm.fr/) (Figure 1). The morphology of the main dry

valley and the small tributary valleys, which start upstream in a cirque,

suggests that water circulation through karst conduits largely contrib-

uted to the formation of the fan.

The alluvial fan extends over the plain of the Dronne River, which

rises to approximately 58.5 m a.s.l. in the site area. The preliminary

archaeological trenches21 gave a general idea of the stratigraphy of

QUATERNARY deposits. The main lithostratigraphic units identified

(Camus and Rabanit, in21) are the following, from the base to the top:

1. Gravel deposited by the Dronne River, showing a lithology domi-

nated by flint, limestone, and quartz, with rare magmatic and meta-

morphic rocks. The gravel layer was only reached by trenches in

the distal part of the fan at a depth of 2 m, that is, around

56.5 m a.s.l.

2. Silty and sandy levels deposited by the alluvial fan, interbedded

with lenses of limestone gravel in the upslope part of the surveyed

piece of land.

3. A clayey level less than 1 m thick, mixed with abundant limestone

clasts in the upper part. This level has yielded numerous Neolithic

remains.

Work carried out later during the excavation of a Magdalenian level22

buried at a depth of about 3 m in the fan made it possible to gather

new observations on a limited area (35 m2) and to collect dating

elements.

3 | METHODS

During the excavation, detailed field observations were made on the

available sections. As molluscan shells were visible to the naked eyes

F IGURE 1 Location and geomorphological setting of the study
site. A — Topography from Lidar survey (RGEALTI 5 m, Institut
Géographique National); B — Geology, modified from the 1:50,000
digital geological map of France (https://infoterre.brgm.fr/). The labels
of geological units are from Bourbon.20 In (B), the longitudinal slope of
the river has been subtracted from the digital elevation model, and
the values indicated are altitudes relative to the riverbanks.

2 BERTRAN ET AL.
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in some silty sand beds, 12 sediment samples of 4 kg each distributed

throughout Unit 3 were collected from three sections (Figure 2). The

laboratory treatment protocol followed that defined by Puisségur,23

that is, sieving under water on a 500 μm mesh, gentle drying, and

sorting of residues under a binocular microscope.
14C dating was performed at the Laboratoire des Sciences du

Climat et de l'Environnement (LSCE) on two gastropod samples,

Trochulus hispidus (GifA21373) out of the M9 sample in section 1 and

Pupilla muscorum (GifA21374) out of the M10 sample in section 2.

Both samples were cleaned using typical protocol for carbonate 14C

dating using HNO3 0.01 N and transformed into CO2 on the LSCE

semi-automated line.24 Both samples released sufficient gas to be

measured on the solid source of ECHoMICADAS.25,26 CO2 graphitiza-

tion was performed on an automated line (the so-called Gégé line),

under pure H2 in the presence of iron powder as catalyst. Treatment

and measurement of samples were done in a series including blanks

(IAEA-C1) and international standards (IAEA-C2) to ensure all the

process quality. Results are expressed in F14C as recommended by

Reimer et al.,27 and derived ages are reported in BP.28 Calibration was

performed using OxCal software29 on the IntCal20 calibration

curve.30

To elucidate the origin of white calcite silt lenses interbedded in

the alluvial fan deposits, samples were taken for microscopy,

geochemical analyses, and stable isotope analyses (δ18O, δ13C). For

samples labeled V1 to V6 (loose powder samples, 66 to 216 μg), the

stable isotope ratios were measured using a Micromass MultiPrep

device and Optima IRMS at the isotopic facility of EPOC laboratory

(University of Bordeaux-CNRS). Acidification of samples was per-

formed at 90�C, and measurements were made by Dual Inlet. Three

to six replicates were analyzed for each sample, and the results were

averaged. International standard NBS19 was run with the samples.

Standard deviations of carbon and oxygen isotope ratios were

estimated ±0.04‰ and 0.08‰, respectively, based on standard

deviations for all the standards analyzed with the samples.

Thin sections were prepared at PACEA laboratory (University of

Bordeaux-CNRS), after sample drying and impregnation under vacuum

with a polyester resin. Dry undisturbed samples were also prepared at

IRAMAT-CRP2A laboratory, University Bordeaux Montaigne, for

scanning electron microscopy (SEM) using a JEOL IT500HR in a

low-vacuum mode (40 Pa). One of the white silt beds was subjected

to energy dispersive X-ray fluorescence (ED-XRF) analysis using a

Bruker Tracer 5i (15 kW, 100 μA, 300 s) and to Raman spectrometry

using a Bruker SENTERRA confocal microspectrometer (532 nm at

10 mW, 30*5 s acquisitions with 25*1000 μm slit). As Mg is not

detected by ED-XRF, complementary analysis of the Mg/Ca ratio was

carried out using SEM coupled with energy-dispersive X-ray spectros-

copy (SEM-EDS) with two Oxford Ultimax 100 detectors at 20 kV.

Finally, an undisturbed block of sediment encompassing a white

silt bed, a few centimeter-thick, was sent to the Université Savoie

Mont Blanc (Le Bourget du Lac) for SEM and X-ray diffractometry

(XRD) analyses, and subsamples were analyzed at the University of

Newcastle (NSW, Australia, in collaboration with R. Drysdale) for

stable isotopes. Some powder samples were analyzed by a scanning

electron microscope coupled with an energy dispersive X-ray detector

F IGURE 2 Schematic sections in the
excavation area and location of the
samples for microscopy and malacofauna.

BERTRAN ET AL. 3
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(SEM–EDX), to visualize the micro-morphology and to identify the

chemical composition. A small amount of sample powder was depos-

ited on a carbon conductive adhesive tape stub, then a carbon coating

was applied before SEM–EDX analyses by a LEO STEREOSCAN

440 coupled with a X-ray analyzer SDD Bruker in high vacuum mode

(beam voltage 10 to 20 keV); images were obtained in secondary

electron or backscattering electron modes (platform ASTRE, USMB).

Two powder samples were also prepared from this undisturbed

block, specifically from (i) the whitest part of the sample (“white

calcite silts”) and (ii) the surrounding darker part (“alluvial fan sands”).
They were prepared for XXRD analysis (INEL; CoKα X-ray tube; 1.5 �
0.1 slit; reflection mode; generator INEL XRG3D 30 mA, 30 kV;

curved position sensitive detector INEL CPS120 for real-time simulta-

neous data acquisition) to identify the crystalline minerals.

Finally, �1 mg powder samples were extracted with a dental drill

every �1.5 mm along a profile perpendicular to the bedding in this

undisturbed block and sent to the University of Newcastle for oxygen

and carbon stable isotope analysis. The powders were digested in

105% orthophosphoric acid at 70�C, and measurements were

made using a continuous-flow isotope-ratio mass spectrometer

(GV Instruments GV2003). The results were normalized to the Vienna

Pee Dee Belemnite (VPDB) scale using internal working standards of

Carrara Marble (MAB1—East Kilbride; NEW1—Newcastle), which

were cross-checked against the international standards NBS18 and

NBS19. Mean analytical precision for both δ18O and δ13C is better

than 0.1‰.

4 | RESULTS

4.1 | Stratigraphy

The sections observed in the excavation (Figures 2 and 3) show strong

variability in the alluvial fan deposits, due to the intercalation of gravel

lenses within silty sand units. The coarse sediments are dominant in

the northern part where the Magdalenian level has been uncovered

and tend to disappear downslope toward the river. The synthetic

stratigraphy (Figure 4) includes from base to top:

• A layer of rounded pebbles 3 to 5 cm in diameter (facies Gm,31),

composed mainly of limestone, flint, and quartz (Figure 3a). This

unit (Unit 4) is interpreted as coarse alluvial bar deposits.

• Horizontally bedded pale yellow silty sands (facies SFh), rich in ter-

restrial molluscan shells and up to 2.5 m thick, with large lenses of

poorly rounded limestone gravel (Gh) showing an erosive base

(Unit 3, Figure 3b,c). Coarse gravel is dominant upslope and in the

upper part of the sequence, where it forms stacked lenses. Later-

ally, the gravel forms isolated lenses in silty sands. Strong deforma-

tions (involutions) are visible as “drops” of gravel material 30 to

40 cm deep descending into finer-grained sediments. In the silty

sands, bedding is often wavy and can vanish by place. Beds com-

posed of white calcite silts, a few centimeters thick and up to 2 m

wide, are interbedded in the central part of the deposits

(Figure 3d). Throughout this unit, a fine platy structure caused by

segregation ice lenses6 is visible (Figure 3e). It is crosscut by a few

biogalleries (roots and burrows of the soil fauna). Toward the base,

the unit becomes sandier and mottled due to waterlogging. Unit

3 is interpreted as alluvial fan deposits, with possible contributions

of overbank alluvium of the Dronne River. The archaeological level

is included in this unit at a depth of 3 m (58.1 m a.s.l.).

• Dark grayish brown to greenish brown plastic clays with black fer-

romanganic spots and polyhedral structure (0.2 to 0.5 m thick, Unit

2). The aggregate surfaces are smooth and shiny (slickensides). This

unit, mostly preserved in the downslope part of the excavation,

has an irregular lower boundary that corresponds to a decalcifica-

tion front, locally underlined by a horizon of secondary carbonate

precipitation (Bk). These clays are interpreted as a palaeosol

(cf. vertic cambisol32;) developed on the silty sands. Neolithic

remains are included in the upper part of the palaeosol.

F IGURE 3 View of the main lithofacies. A — Basal gravel layer
(Unit 4), the height of the section is 1 m; B — Deformed silty sand and
gravel layers (Unit 3); C — Lenses of limestone gravel, upslope part of
the alluvial fan (Unit 3); D — Detailed view of a white calcite silt bed;
E—Silty sands showing a platy structure, optical microscopy, plain
polarized light.
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• Dark brown, massive silty clays with abundant scattered limestone

gravel, reaching 0.4 to 0.6 m in thickness (Unit 1). They correspond

to historical colluvium on which a calcic cambisol has developed.

4.2 | Malacofauna

Most of the deposits yielded few shells, although well preserved

(Table 1). According to commonly accepted statistical thresholds,33

only samples M10 and M11, which bracket the Palaeolithic level

(Figure 2), yielded a sufficient quantity of individuals allowing for

statistical treatment. The specific distribution shows a predominance

of terrestrial taxa. Aquatic molluscs are represented by only two

species, of which a few individuals appear in the lower levels (M12 to

M9). This distribution indicates the limited influence of aquatic

environments.

The terrestrial malacocenosis has a low specific diversity with

only seven species. Three are common to almost all levels of Unit

3, Trochulus hispidus, Xerocrassa geyeri, P. muscorum. All are euryther-

mic taxa; that is, they are resistant to large temperature variations.34

Among the other taxa sporadically present, Oxyloma elegans and Succi-

nella oblonga are also frequently recorded in cold climate assemblages

but are typical of wet habitats.23,35 The relative abundance of taxa

within the two quantitatively representative assemblages appears

unbalanced in favor of T. hispidus, which accounts for more than 80%

(Figure 5).

This almost-monospecific structure of malacological populations

denotes harsh environmental conditions, to which only species with

broad ecological valence can adapt. This is the case of T. hispidus and

P. muscorum; the predominance of the former indicates wet condi-

tions specific to lowland environments in contrast to dry steppe areas

more favorable to Pupilla.23,36

4.3 | Chronological data

Two dates were obtained at the Erlangen Radiocarbon Dating Labo-

ratory on charcoal collected from the Palaeolithic level21 (Figure 4).

They, respectively, yielded an age of 16,120 ± 100 BP (Erl-12,701),

that is, 19,800–19,150 cal BP (2σ, Intcal20) and 16,250 ± 120 BP

(Erl-12,702), that is, 19,920–19,270 cal BP. As both samples come

from the same (brief) occupation, a combined age can be calculated

that gives 19,820–19,290 cal BP, placing this occupation within

the LGM, more specifically in the middle of Greenland Stadial

(GS) 2.1.37

Two other dates were made at the LSCE of Gif-sur-Yvette on

mollusc shells (Table 2). The shells were selected based on their avail-

ability and the ecological requirements of species. Indeed, the inges-

tion of carbon derived from the limestone substratum by molluscs and

its incorporation into the shells is a frequent cause of aging (e.g.,38).

This bias can be limited by selecting small vegetation-dwelling spe-

cies.39,40 At Villetoureix, P. muscorum and T. hispidus were the two

taxa that best meet the selection criteria. The age obtained on

P. muscorum shells from sample M10 located 15 cm below the archae-

ological level is 19,090 ± 55 BP (GifA21374/ECHo-4,432), that is,

23,122–22,906 cal BP. The second age on T. hispidus shells from sam-

ple M9 is 18,195 ± 55 BP (GifA21373/ECHo-4,431), that is, 22,304–

F IGURE 4 Synthetic cross-section of the site. GifA2137-: Radiocarbon age, this study; Erl1270-: Radiocarbon age from Chancerel.21

BERTRAN ET AL. 5
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22,018 cal BP. These ages on shells are slightly older than those

obtained on charcoal but remain consistent with GS 2.1.

4.4 | White calcite silts

4.4.1 | Description

Several centimeter-thick beds of white calcite silts appear in the

alluvial fan silty sands, particularly in the middle part of the deposits.

These calcite silts do not resemble secondary precipitation of

pedological origin because of their strata-like appearance, unrelated

to soil porosity, and the absence of clearly identifiable macroscopic

biological structures. Their association with various evidence of ice

formation in the soil (platy structure, involutions) suggests that they

developed concurrently with the deposition of silty sand in a perigla-

cial context. At the microscopic scale, they appear as beds composed

of small, often aggregated euhedral crystals 3 to 5 μm long covered

by a clay matrix in various quantities (Figure 6a). A few tabular

sparite crystals up to 600 μm large are also present (Figure 6b). In

one sample, root cell pseudomorphs and acicular crystals are

observed (Figure 6d). Rounded detrital grains are also visible

(Figure 6c). EDX spectra indicate that they are quartz, zircon, and

alumino-silicates including biotite. This points to a mixture of differ-

ent materials, mostly small calcite crystals and detrital grains of allu-

vial origin. The weak alteration of biotites suggests inputs from the

Dronne River as overbank deposition or aeolian inputs rather than

by the erosion of old terraces. Secondary carbonates then formed

TABLE 1 List of mollusc species. Cecilioides acicula is a burrowing mollusc whose presence is not contemporaneous with the deposits that
contain it, so its numbers are indicated at the end of the table

Villetoureix

Section 3 Section 2 Section 1

M12 M10 M11 M9 M8 M7 M6 M5 M4 M3 M2 M1

Oxyloma elegans 3 2 1 1

Succinella oblonga 2 1

Vertigo sp. 2

Pupilla muscorum 6 37 3 2 1 8 2

Slugs 1

Trochulus hispidus 6 265 76 9 2 2 2 1 1 1

Xerocrassa geyeri 1 6 1 1 2 1 1 2 1 1

Terrestrial shells 13 313 83 12 2 4 5 13 4 2 1 2

Galba truncatula 1

Radix labiata 1 5 1

Aquatic shells 1 6 1

Total shells 14 319 83 13 2 4 5 13 4 2 1 2

Terrestrial species 3 5 5 3 1 2 4 5 2 2 1 2

Aquatic species 1 2 1

Total species 4 7 5 4 1 2 4 5 2 2 1 2

Cecilioides acicula 2 2

F IGURE 5 Distribution of mollusc
species in the two statistically
representative samples (M9 and M12).

6 BERTRAN ET AL.
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locally in microsites in association with biological activity and gave

rise to specific crystal morphologies, that is, root cell pseudo-

morphs41,42 and acicular crystals probably corresponding to biopreci-

pitation by bacteria or fungal hyphae.41

4.5 | Geochemical analysis and Raman
spectrometry

A white silt bed and its surrounding sediments were analyzed using

ED-XRF. Compared to the alluvial silty sands, the white bed is signifi-

cantly richer in calcium (Ca) and poorer in elements associated with

alumino-silicates (Si, Al, K, Rb) and oxides (Fe, Mn, Ti) (Figure S1).

SEM-EDS analysis shows that the Mg/Ca ratio is lower in the white

silt bed compared to alluvial detrital calcite (Table 3). Raman spectros-

copy and XRD confirm the calcite composition of the white silts, with

rare detrital grains identified as quartz and plagioclase (Figure S2). It

confirms as well that the calcite in the alluvial silty sands and in the

white silts does not have the same crystalline properties, the latter

being better crystallized.

4.6 | Isotopic analyses

Various types of carbonates were sampled for isotopic analyses

(Figure 7; Table 4). These are (i) fragments of Campanian (marine)

limestone, (ii) alluvial fan silty sand, (iii) secondary carbonates of bio-

logical origin, either loose (pseudomycelium) or indurated (calcite pen-

dants on gravels) from the Bk horizon of the Holocene soil, and

(iv) calcite silts forming the white beds.

The obtained values highlight three types of material (Figure 7a).

Limestone samples and alluvial sands display similar values, ranging

from �1 to �2‰ for δ18O and close to 2‰ for δ13C, which is

expected for marine limestone. Carbonates of biological origin

(bioprecipitation) are characterized by significant depletion in heavy

isotopes (�4 to �5‰ for δ18O, �5 to �9‰ for δ13C), whereas the

white silt beds show intermediate values. These samples form a

separate group on the δ13C versus δ18O diagram and plot close to a

straight line. Measurements made on the undisturbed sample along a

profile perpendicular to a white silt bed show strong covariance

between δ13C and δ18O (R2 = 0.9574) and confirm the difference in

isotopic composition between the white silts, at the center of the

profile presented here, and the alluvial silty sands on either side

(Figure 7b).

5 | DISCUSSION

5.1 | Sedimentary sequence

The sections show four main pedo-sedimentary units. The oldest unit

(Unit 4) corresponds to a gravel body, whose altitude shows that it is

an integral part of the basal coarse-grained floodplain alluvium. TheT
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ages obtained on the overlying deposits imply that the gravel

emplacement predates ca. 23 ka and was deposited by the river dur-

ing the Last Glacial.

Unit 3 corresponds to alluvial fan deposits, mainly fed by the

erosion of Campanian limestone. The torrential dynamics was

favored during the LGM by strong production of debris due to frost

F IGURE 6 Microscopic view of a white calcite silt bed. A — Aggregated small calcite crystals (scanning electron microscopy [SEM]); B — Large
plate-like calcite crystal partly covered with small crystals (optical microscopy); C — Clayey calcite silt and detrital sand grains (SEM); D — Calcite
pseudomorhs after root cells; a few acicular crystal are also visible (SEM).

TABLE 3 Mg/Ca ratio of various samples from detrital calcite and white calcite silts.

Sediment type Spectrum number Mg (%) Ca (%) Mg/Ca Mean Standard dev.

Alluvial silty sand zone 1 1 1.54 43.92 0.0351 0.0360 0.0017

Alluvial silty sand zone 1 2 1.55 39.68 0.0391

Alluvial silty sand zone 1 3 1.49 42.88 0.0347

Alluvial silty sand zone 1 4 1.55 45.99 0.0337

Alluvial silty sand zone 2 5 1.52 40.31 0.0377

Alluvial silty sand zone 2 6 1.56 42.44 0.0368

Alluvial silty sand zone 2 7 1.47 40.8 0.0360

Alluvial silty sand zone 2 8 1.5 42.68 0.0351

Cryogenique calcite zone 3 9 1.18 56.95 0.0207 0.0166 0.0029

Cryogenique calcite zone 3 10 1.13 59.86 0.0189

Cryogenique calcite zone 3 11 0.91 67.26 0.0135

Cryogenique calcite zone 3 12 0.8 66.48 0.0120

Cryogenique calcite zone 4 13 1.04 62.9 0.0165

Cryogenique calcite zone 4 14 0.95 62.09 0.0153

Cryogenique calcite zone 4 15 1.08 59.46 0.0182

Cryogenique calcite zone 4 16 1.03 58.75 0.0175
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weathering of the limestone, by sparse vegetation, and probably, by

seasonal ground sealing by frost (e.g.,43,44). The stacked gravel

lenses in the upper part, which correspond to the coarse load

deposited in ephemeral channels crossing the alluvial fan, reflect the

downstream progradation of proximal facies over time, in conjunc-

tion with progressive fan extension. The distal silty sand facies were

strongly affected by periglacial phenomena, in particular the forma-

tion of segregation ice lenses and involutions. Within the regional

context, where the presence of permafrost during the LGM is

unlikely,1,3 these phenomena developed in relation to deep seasonal

frost.

A soil then developed on the fan deposits (Unit 2) and led to

their decalcification. Because of the clayey texture and poor drain-

age, the soil shows hydromorphic (mottling) and vertic properties

(slickensides related to alternating shrinkage and swelling of the

clays, dark color due to deep incorporation of organic matter). It

reflects the cessation of alluvial fan deposition during the Holocene

and concomitant alteration by soil-forming processes. This soil was

later partially eroded and buried by coarser-grained sediments, inter-

preted as agricultural colluvium (Unit 1). The coarse fraction derives

from the erosion and redistribution by agricultural tools of older

gravelly sediments and/or from sporadic torrential inputs mixed with

the soil by ploughing.

5.2 | Palaeoenvironmental data derived from the
malacofauna

The composition of the malacofauna of Villetoureix is similar to that

known for cold period assemblages in France,23,35,45 which are

characterized by low diversity and species with a wide ecological

range able to adapt to contrasting temperatures. The strong predomi-

nance of T. hispidus over the other species indicates harsh climatic

conditions. This imbalance in favor of a single taxon has already been

observed in northern France during the first half of the Younger

Dryas.46

All the species collected at Villetoureix are still known today in

the region except for Xerocrassa geyeri. This taxon, typical of dry and

open habitats with little vegetation, was not found during the last cen-

sus of malacofaunas carried out in the Dordogne district, southwest

France.47 Its modern distribution is mostly central European but also

includes highland stations in southeastern France and Spain.34 In

Burgundy (eastern France), X. geyeri is typical of Pleistocene assem-

blages of transitional phases between cold and temperate periods.23

The species is also regularly recorded during the Allerød in northern

France.48,49

In southwest France, X. geyeri has been recorded from

Weichselian loess sequences near Toulouse.50 The malacological

F IGURE 7 Isotopic analyses. A — Isotope
composition of various carbonate types.
B — Profile of isotope composition through a
4-cm-thick sample composed of a bed of white
calcite silt bracketed by alluvial fan silty sand.
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TABLE 4 Stable isotope composition of samples.

Sample ref. δ13C (‰VPDB) δ18O (‰VPDB) Nature Laboratory Depth (mm)

V1 �5.34 �3.28 White silts 1 EPOC

V1 �5.02 �3.22 EPOC

V1 �4.75 �3.17 EPOC

V1 �5.06 �3.24 EPOC

V1 �5.32 �3.30 EPOC

V2 �4.87 �3.17 White silts 2 EPOC

V2 �4.95 �3.24 EPOC

V2 �5.83 �3.41 EPOC

V2 �5.70 �3.41 EPOC

V2 �4.33 �3.03 EPOC

Vil 06-09 �3.48 �3.10 White silts 3 NSW 8.5

Vil 07-09 �4.38 �3.36 NSW 10

Vil 08-09 �4.24 �3.29 NSW 11.5

Vil 09-09 �2.63 �3.18 NSW 13

Vil 10-09 �4.57 �3.34 NSW 14.5

Vil 11-09 �6.49 �3.48 NSW 16

Vil 12-09 �5.60 �3.44 NSW 17.5

Vil 13-09 �5.60 �3.58 NSW 19

Vil 14-09 �4.71 �3.36 NSW 20.5

Vil 15-09 �4.79 �3.41 NSW 22

Vil 16-09 �2.23 �2.90 NSW 23.5

Vil 17-09 �2.03 �2.83 NSW 25

Vil 18-09 �2.03 �2.98 NSW 26.5

Vil 19-09 �4.55 �3.21 NSW 28

Vil 20-09 �4.00 �3.23 NSW 29.5

Vil 01-09 1.59 �2.29 Margin of white silt bed NSW 1

Vil 02-09 1.32 �2.60 NSW 2.5

Vil 03-09 0.86 �2.43 NSW 4

Vil 04-09 0.98 �2.35 NSW 5.5

Vil 05-09 �0.82 �2.74 NSW 7

Vil 21-09 �1.48 �2.78 NSW 31

Vil 22-09 �0.86 �2.88 NSW 32.5

Vil 23-09 0.29 �2.61 NSW 34

Vil 24-09 0.88 �2.40 NSW 35.5

Vil 25-09 1.03 �2.44 NSW 37

Vil 26-09 1.37 �2.33 NSW 38.5

V1 1.62 �2.07 Alluvial fan sand EPOC

V1 1.69 �2.23 EPOC

V1 1.92 �2.09 EPOC

V1 1.30 �2.29 EPOC

V1 1.24 �2.02 EPOC

V2-A �7.09 �4.52 Bioprecipitation 1 EPOC

V2-A �6.92 �4.35 EPOC

V2-A �7.05 �4.40 EPOC

V2-A �6.81 �4.41 EPOC

V2-A �7.26 �4.50 EPOC
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study carried out on Lateglacial alluvial deposits at Bergerac51 has

suggested that the development of this taxon in Dordogne as early as

the Bølling resulted from the greater proximity of refuge areas com-

pared to northern regions. Its occurrence at Villetoureix, in small but

constant numbers, confirms its presence in the lowlands of southern

France during the LGM. Similarly, X. geyeri retreated to highland sta-

tions in Provence (southeastern France) during the warm periods and

colonized the lowlands during the cold phases of the Last Glacial,

where it is considered a marker of worsening climatic conditions.52

Overall, the environmental and climatic signal provided by the

malacofauna of Villetoureix is unequivocal and indicates an open envi-

ronment, with little vegetation and cold climatic conditions.

5.3 | White calcite silts

The thin, a few meters wide, white calcite silt lenses interbedded in

the middle part of the alluvial sequence are unusual features. Several

arguments clearly demonstrate that they do not correspond to sec-

ondary precipitations of pedological origin. The arguments include

(i) the strata-like pattern; (ii) the general lack of calcified plant, bacte-

rial, or fungal features (apart from a few very localized bioprecipitation

associated with root traces); (iii) their isotopic composition, which is

significantly different from that of Holocene biogenic carbonates; and

(iv) evidence for synsedimentary deposition. Their isotopic composi-

tion also indicates that they do not originate from the breakdown of

Campanian limestone.

Given the depositional context (distal part of an alluvial fan, peri-

glacial environment), an origin in connection with the formation of ice

bodies, that is, icings (aufeis) or open-system frost blisters can be

envisaged. Icings are seasonal ice layers that form on the ground in

cold environments (permafrost or deep seasonal frost context) at the

emergences of groundwater when subsurface circulations are made

impossible due to soil sealing by frost.53–57 Karst regions where sub-

surface flows predominate are particularly favorable for their develop-

ment.53 Icings can also be fed by rivers, when water locally breaks

through the superficial ice layer and flows onto the plain.53,58 Such ice

accumulations can reach up to 2 m in thickness. Open-system frost

blisters are small mounds that form when the increase in interstitial

water pressure causes hydraulic fracturing of the ground and uplift of

the frozen top layer due to continuous water supply, often in spring

outflow channels (e.g.,57,59). Freezing of the water lenses generates

intrusive ice layers of varying thickness and extent.

Water freezing causes precipitation of dissolved carbonates.9,60

In the icings described by Lacelle9 from permafrost areas of arctic

Canada, water circulation and precipitation of fine-grained calcite

occur primarily under the ice, in contact with the ground. During

thawing, cryogenic calcite concentrates in melt channels and is

TABLE 4 (Continued)

Sample ref. δ13C (‰VPDB) δ18O (‰VPDB) Nature Laboratory Depth (mm)

V2-B �6.24 �4.57 Bioprecipitation 2 EPOC

V2-B �6.77 �4.50 EPOC

V2-B �6.36 �4.40 EPOC

V2-B �5.26 �4.54 EPOC

V2-B �6.30 �4.45 EPOC

V2-B �5.53 �4.27 EPOC

V4 �7.23 �4.74 Bioprecipitation 3 EPOC

V4 �8.24 �4.65 EPOC

V4 �7.87 �4.62 EPOC

V4 �8.44 �4.65 EPOC

V4 �8.15 �4.45 EPOC

V5 2.01 �1.86 Campanian limestone 1 EPOC

V5 2.17 �1.78 EPOC

V5 2.23 �1.88 EPOC

V5 2.30 �1.80 EPOC

V6-A 1.97 �1.68 Campanian limestone 2 EPOC

V6-A 2.06 �1.61 EPOC

V6-A 2.09 �1.59 EPOC

V6-B 1.73 �2.24 Campanian limestone 3 EPOC

V6-B 1.77 �2.28 EPOC

V6-B 1.82 �2.13 EPOC

Note: Laboratory codes: EPOC—Université de Bordeaux-CNRS; NSW—University of Newcastle.

Abbreviation: VPDB, Vienna Pee Dee Belemnite.
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deposited in patches on the ground. Hall,54 for instance, described

loose calcite accumulations locally reaching 1–10 cm thick after icing

melt in Alaska. SEM images of the calcite crystals show various mor-

phologies. In the Yukon examples analyzed by Lacelle,9 the calcite

crystals have essentially a rod-like morphology up to 150 μm long and

less than 10 μm wide, while Bukowska-Jania61 described flattened

aggregates of 1–100 μm crystals in icings from Svalbard. In contrast,

the Villetoureix samples comprise mainly aggregates of small crystals

less than 5 μm long (Figure 6). It can be envisaged that crystal redistri-

bution by meltwater and diagenesis (compaction, dissolution-precipi-

tation) has somewhat influenced their morphology. However, the

absence of residual rod morphologies lends support to the hypothesis

of original calcite precipitation as small chunky crystals. Their small

size is probably related to a short-lived precipitation.

Various studies on modern icings have also focused on the isoto-

pic composition of cryogenic calcite.9,56,62,63 It has been shown that

this composition is typified by specific values, different from those

found in other types of calcite precipitates, especially those controlled

by biological activity. It depends mainly on the composition of the

water from which the calcite precipitated, its saturation with respect

to calcite, the kinetic fractionation during precipitation and the freez-

ing rate.63 When compared with the values of icing calcites analyzed

by the authors cited earlier, the Villetoureix δ13C values are within a

comparable range, while the δ18O is much higher (from �2.8 to

�3.5‰ VPDB vs. � 18 to �37‰ VPDB; e.g.,63). Indeed, the very

negative values of modern icing calcite are largely due to the latitudi-

nal difference (i.e., the isotopic composition of parent water depends

on the isotopic composition of meteoric waters, which is influenced

by air temperature and distance to the moisture source64). Instead,

the calcite δ13C reflects the δ13C of the dissolved inorganic carbon of

the parent water and the conditions of isotopic fractionation occur-

ring during crystallization.

The range of δ18O and δ13C values of the white silt beds from Vil-

letoureix is rather narrow, and the values do not evolve in the oppo-

site direction as in cryogenic calcite formed in open-system

environment, like cryogenic cave carbonates14 and some examples of

cryogenic calcite from icings.65 In the context of an alluvial fan, we

must assume that some admixture occurred between the white calcite

silts and the surrounding detrital carbonates, which could explain part

of the isotopic range and, particularly, the apparent covariation of

δ13C and δ18O values, which stretch between the two poles of data

(Figure 7).

Nevertheless, the isotopic values of Villetoureix calcite silts share

their characteristics with cryogenic calcite described in icings formed

in areas with limestone bedrock and where precipitation occurred in a

closed system. In such environments, water is at or near saturation

with respect to calcite, and calcite can readily precipitate under equi-

librium conditions during the initial stage of freezing.9,63 Water freez-

ing in a closed system results in the progressive depletion in 18O of

the residual water (due to preferential incorporation of heavy isotopes

in the ice). It also maintains CO2 in solution resulting in some isotopic

equilibration with HCO3
� and prevents exchanges with the atmo-

sphere, both keeping low values of δ13CDIC.
63 This is consistent with

the observed isotopic values for the white silts of Villetoureix. In con-

trast, open-system precipitation causes severe 13C enrichment of the

calcite as a result of CO2 degassing and preferential escape of light

CO2 to the atmosphere. These would draw δ13C to very high values,

which is not the case at Villetoureix. Alternatively, near-equilibrium

precipitation could have occurred in frost blisters. Intrusive ice lenses

in the ground, fed by continuous underground water supply (e.g.,57,59),

may allow similar calcite precipitation under closed-system conditions.

The melting of ice lenses may be involved in the later formation of

involutions in the overlying sediments (e.g.,66).

As a test for our hypothesis, we evaluated the isotopic composi-

tion of a calcite that would have formed in equilibrium from local

groundwater during the LGM. We used the data from Saltel et al.2

who have provided isotopic composition of groundwater in regional

aquifers for the Last Glacial. In particular, three water samples have a

dead-carbon corrected radiocarbon age close to that of the cryogenic

calcite at Villetoureix (Table 5). We used their isotopic composition to

calculate the theoretical isotopic composition of calcite that would

have precipitated from this water, at a temperature of 0�C. Based on

Kim and O'Neil67 equation, we obtained mean δ18Ocalcite values close

to those measured in Villetoureix calcite, which strongly suggests that

precipitation occurred close to the freezing point. We also determined

the temperature interval required to obtain the observed range of

δ18O of Villetoureix calcite using the different aquifer δ18O values.

The temperature appears to have been close to 0�C. Positive temper-

ature can be excluded in this context, which highlights some uncer-

tainties in the data. Two main sources of uncertainties can be evoked:

(i) the aquifer δ18O values are not representative of the water at the

origin of calcite deposition during the LGM at Villetoureix (this is obvi-

ously the case for sample 08257-0073 from the Oligocene aquifer)

and (ii) the Villetoureix calcite samples yielding slightly negative δ18O

values (i.e., between � � 2 to �3‰) do not correspond to pure cryo-

genic calcite but, as mentioned earlier, to a mixture between cryo-

genic and detrital calcite. It is particularly likely for samples taken from

the margins of the white silt beds, whose δ18O values plot closer to

the pole of detrital carbonates.

As reported by Zak et al.,14 cryogenic calcite is also characterized

by a lower Mg/Ca ratio than other calcite types precipitated from the

same parent water due to better incorporation of Mg ions into the ice

than larger Ca ions. This is consistent with the significantly lower ratio

found by SEM-EDS analysis in white calcite silts than in alluvial detri-

tal calcite, assuming that the Mg/Ca ratio of the groundwater was

close to that of the host limestone.

In conclusion, contextual, morphological, and isotopic evidence

converges to propose that this fine-grained calcite, whose accumula-

tion is at the origin of the thin white beds intercalated in the alluvial

fan, is of cryogenic origin. Isotopic evidence indicates that calcite pre-

cipitation occurred under closed-system conditions in connection with

freezing of mineralized water. In the geomorphological context of Vil-

letoureix associated with deep seasonal ground freezing, it is likely

that during the LGM, icings and possibly, thick intrusive ice lenses

(frost blisters) formed periodically on the lower slopes of the alluvial

fan due to continuous water supply from the karst (Figure 8). Seasonal
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freezing was associated with the precipitation of small calcite crystals

trapped in the ice. As the ice melted, the calcite powder was more or

less remobilized and mixed with detrital inputs.

6 | CONCLUSION

The study site is located on an alluvial fan at the mouth of a dry valley

tributary of the Dronne River and spreading over the alluvial plain. At

the time of the prehistoric occupation, which occurred during the

LGM, the torrential dynamics was favored by strong production of

debris due to frost weathering of the limestone outcrops, by sparse

vegetation, and by seasonal sealing of the ground by frost. Abundant

traces of ice formation in the sediments, including platy structure and

involutions, suggest a deep seasonal frost context. The lenses of white

calcite silts interbedded in the alluvial fan silty sands show specific

chemical composition, crystal morphology, and most of all, an isotopic

signature consistent with fine-grained cryogenic calcite formed under

closed-system conditions. Therefore, they are interpreted as evidence

of calcite precipitation caused by the seasonal freezing of groundwa-

ter of karstic origin (close to saturation with respect to calcite), leading

to the formation of icings and/or frost blisters at the foot of the slope.

This type of calcite deposit was never before described in Pleistocene

deposits in France. Nevertheless, it must have been relatively com-

mon during the glacial periods in the calcareous regions of southwest

France.
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