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Abstract

Last Glacial fluvial sequences in the Paris Basin show laminated lacustrine deposits OSL and
radiocarbon dated to between 24.6 and 16.6 ka in one site and overlying alluvial sandy gravel.
A thermokarst origin of the lakes is supported by abundant traces of ground ice, pbrticular

ice wedge pseudomorphs beneath the lacustrine layers and synsedimentary deformation
caused by thaw settlement. The features include brittle deformation (nornrel/erss

faults) resulting from ground subsidence owing to ice melting and ductile deformations
caused by slumping of the sediments heaved by the growth of ice-cored mousés. The
correspond to lithalsas (or litls@plateaus) and/or to open system pingos. At least two
generations of thermokarst are recorded and may reflect the millennial climate variability
typical of the Last Glacial. The structures studied in quarries are associated with an
undulating topography visible in 5-m DEMs and a spotted pattern in aerial photographs. The
search for similar patterms the Paris Basin indicates that many other potential thermstokar

sites exist in the Last Glacial terrace (Fy) of relecated north of 48°N when they cross the
lower Cretaceous sands and mdrissome sites, the presence of organic-poor, fine-grained
deposits presumably of lacustrine origin was confirmed by borehole data. The site distribution

coincides broadly with that already known for ice wedge pseudomorphs. This study provides
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new evidence of permafrost-induced ground deformations in France and strongly suggests
that thermokarst played a significant and probably largely underestimated role in the genesis

of late Pleistocene landscapes.

Keywords: Last Glacial; permafrost; thermokarst lakes; faulting; Paris Basin

1. Introduction

Over the past decade, the creation of a database of relict periglacial features in France allowed
documentation of the maximum Pleistoeextent of permafrost and made it possible to

delineate permafrost types at the scale of the whole terrBergran et al., 2014, 2017

Andrieux et al., 2016a)blce wedge pseudomorphs, which indicate at least widespread
discontinuous permafrost, were only observed north of latitude 47.5°N in lowkgd$)(

Farther south, between latitudes 47.5°N and 43.5°N, the main features listed are involutions
and thermal contraction cracks filled with aeolian sand (sand wedges) at the periphery of
coversands. The lack of ice wedge pseudomorphs suggests that soil temperature was too high
to allow ice bodies to grow over long time periods. Therefore, this latitudinal band is
considered to have been affected by sporadic permafrost. South of 43.5°N, no periglacial
features has been reported, and permafrost was probably completely absent even during the

coldest phases of the Glacial.

In the area affected by widespread permafrost, the existence of other types of ground ice
(interstitial, segregation, injection, icing, firn) appears highly plausible by analogy with
modern Arctic environments. Platy structures caused by segregation ice lenses in fine-grained
sediments have been widely reported, particularly in loess \&g.Vliet and Langohr, 1981,
Van Vliet-Lanog&, 1992; Antoine et al., 199® contrast, no indisputable evidence of the
growth or decay (thermokarst) of large bodies of segregation or injection ice is known.
Potentially thermokarst structures have been reported in the literature but remain debated.
Shallow rounded depressions attributed to the melting of pingos or lithalsas have been
described by many authors, particularly in the vicinity of Bordeaux and in the Landes district
(SW France)Boyé, 1958; Legigan, 1979as well as in the Paris BasMithel, 1962, 1967;
Courbouleix and Fleury, 1996; Lécolle, 1998; Van Vliet-Lanoé et al.,)201&W France, a

periglacial origin of the depressions, locally caliedjunes, has recently been invalidated
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(Texier, 2011; Becheler, 2014nd has been shown to be mainly related to limestone
dissolution (doline) below the coversands. Some shallow depressions correspond to deflation
hollows upwind from parabolic dunes or to flooded areas following the dam of small valleys
by dunes $itzia, 2014. In the Paris Basin, the authors acknowledge the difficulty of
demonstrating a thermokarst origin. Alternative hypotheses (karst, anthropogenic activity)
remain problematic to eliminate in the majority of cases. Detailed analysis and dating of the
filling of depressions froNNE France Etienne et al., 20)1has, for example, led to an

anthropogenic origin (marl extraction to amend fields during the Medieval period).

Convincing thermokarst remnants have been identified in a German loess sequence
Nussloch in the Rhine valley, ca. 50 km from the French boAdgoine et al., 2013;

Kadereit et al., 203 The structures correspond to gullies some tens of metres in width with
ice wedge pseudomorphs locally preserved at the bottom. They are interpreted as erosional
featurescawsed by the melting of an ice wedge network on the slope according to a well-
documented model in modern environmefsppala, 1997; Fortier et al., 200@ntil now,

no similar structure has been reported from the French territory.

As part of the SISMOGEL project (which involves Electricitg Erance (EDF), Inrap, and

the universities of Bordeaux and Caen), various sites showing deformations in Quaternary
sediments were reevaluated. Two of them, Marcilly-sur-Seine and Gourgancon, located in an
alluvial context in the Paris Basin, have been studied in detail through the survey of quarry
fronts and are the subject of this article. Similar sites are then identified in northern France by
using information from the aerial photographs available on Google Earth, topogtalaitéc

from the 5-m DEM of the Institut Géographique National (IGN), and borehole data stored in
the Banque du Sous-Sol (BSS) of the Bureau des Recherches Géologiques et Miniéres
(BRGM). Overall, this study provides new evidence of permafraiieed ground

deformations in France and strongly suggests that thermokarst played a significant and

probably largely underestimated role in the genesis of late Pleistocene landscapes.

2. Geomor phological context of the study region

The investigated sites are located 110 to 130 km ESE from Paris in the upper Cretaceous

chalk aureole of the basifi). 2). This area remained unglaciated during the Pleistocene cold

periods but experienced phases of permafrost development. Because of limited loess



102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

deposition (the area was at the southern margin of the north European lod3srivalt; et

al., 2016, remnants of periglacial landscapes are still easily readable in aerial photographs
and most of the polygons due caused by thermal contraction cracking of the ground and saoill
stripes caused by active layer cryoturbation found in France from aerial survey are
concentrated in this latitudinal banindrieux et al., 2019aSingle grain OSL dating of the
infilling of sand wedges and composite wedge pseudomorphs from sites located in the Loire
valley shovedthat thermal contraction cracking occurred repeatedly during Marine Isotopic
Stages (MIS) 4, 3, 2, and early MIS 1 (Younger Dryasidfieux et al., 2018 In contrast,

available chronological data on ice wedge pseudomorphs preserved in loess sequences of
northern France strongly suggest that perennial ice (i.e., permafrost) was able to develop only
during shorter periods of MIS 4 to 2 and that the largest pseudomorphs date to between 21
and 31 kal(ocht et al., 2006; Antoine et al., 2Q1By contrast to northern Europe where

most of the identified thermokarst structures have been dated to the very end of MIS 2 and the
Lateglacial Pissart, 20008 similar structures in the Paris Basin, if present, should be
significantly older and, thus, may potentially have left much poorly preserved evidence in the
landscape. Thermokarst develops today in ice-rich permafrost, typically in poorly drained
valley bottoms, large deltas, and lake margins and in Yedoma-type formations in high latitude
regions where abundant syngenetic ice formed during the Pleistocene. The Weichselian
alluvial terraces (generally referred to as Fy on geological maps) of the main rivers crossing
the Paris Basin are potentially suitable contexts for searching thermokarst structures. These
terraces have been largely exploited for gravel production around Paris since the 1950s and
provided evidence of periglacial structures (Michel, 1962, 1967 selwarries are no more
accessible today. The quarries of Mdyesur-Seine (still in activity) and Gourgancon are

located upstream and provide a good opportunity to investigate former potentially ice-rich

fluvial deposits.

2. Methods

The sections were water jet and manually cleaned, and detailed photographs were taken. The
stratigraphy was based on visual inspection and measurement of the sections. Three samples
for grain size analysis were taken from the basal lacustrine unit in Marcilly-sur-Seine. The
samples were processed in the PACEA laboratory (Université de Bordeaux, France) using a
Horiba LA-950 laser particle size analyser. The pretreatment includes suspension in sodium

hexametaphosphate (5 g/L) and hydrogen peroxide (35%) for 12 hours, and 60 seconds of
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ultrasonification to achieve optimal dispersion. M solution to Maxwell’s equations

provided the basis for calculating particle size using a refractive index of 1.333 for water and
1.55i - 0.01i for the particlesn undisturbed block of lacustrine sedimerasalso sampled

and vacuum impregnated with polyester resin following the method descrilé&dgilmyré

(1980)to prepare a thin section.

The AMS radiocarbon dating on bulk lacustrine silt sampled in Marcilly-sur-Seine was made
by Beta Analytic (Miami, USA). Optically Stimulated Luminescence (OSL) dating was

carried out on sand from the same site at the Luminescence Dating Laboratory of the
University of Sheffield (UK). The OSL sample was collected by hammering into the freshly
exposed section a metal tube (60 mm in diameter, 250 mm long). To avoid any potential light
contamination that may have occurred during sampling, 2 cm of sediment located at the ends
of the tube was removed. The remainder of the sample was sieved and chemically treated to

extract 90 to 18@m diameter quartz grains as fgateman and Catt (1996)

The dose rate was determined from analysis undertaken using inductively coupled plasma
mass spectroscopy (ICP-MS) at SGS Laboratories, Montréal (Canada). Adjacent
lithostratigraphic units of host sediment were also analysed to establishytlusse
contribution to the sample dated as péken (1985) Conversions to annual dose rates were
calculated as pekdamiec and Aitken (1998pr o andy, and pemMarsh et al. (2002jor B,

with dose rates attenuated for sediment size and palaeomoisture cohdétesl For the

latter, given the presence in the sediment of features characteristic to the melting of ice, a
value of 20 £ 5% was assumed. This is a value close to the saturation of sediment in water,
and the absolute error of £5% is incorporated to allow for past changes. Cosmic dose rates

were determined followingrescott and Hutton (1994)

The OSL measurements were undertaken on 9.6 mm single aliquot discs in a Risg automated
luminescence reader. The purity of extracted quartz was tested by stimulation with infrared
light as peDuller (2003) Equivalent dose (De) determination was carried out using the
Single-Aliquot Regenerative-dose (SARurray and Wintle, 2003Table 1). The sample

displayed OSL decay curves dominated by the fast component, had good dose recovery, low
thermal transfer, and good recycling. Twenty-four De replicates were measured for the
sample, and these showed the De distribution was unimodal with a low overdispersion (OD;



169 <20%), therefore the age was extracted using the Central Age Model (GAlbtaith et al.,

170 1999. The final age, with & uncertainties, is therefore considered a good burial age for the
171 sediment sampled.

172

173 3. Results

174

175 3.1. Marcilly-sur-Seine

176

177 3.1.1. Geomorphological setting

178

179 Marcilly-sur-Seine (48.5411°N, 3.7234°E) is located in the Seine valley near its confluence
180 with the Aube River in the Paris Basiad. 2). The local substrate comprises alluvium

181 overlying upper Cretaceous chalk. The studied cross sections cut the Fy terrace (geologica
182 map at 1:50,000, infoterre.brgm.fr), which dominates the Holocene floodplaiby2zp 3

183 m (Fig. 3). The wideFy terrace exhibits an undulating topography as shown by the 5¥h DE
184 (IGN), which contrasts with the even topography of the Fz floodplain. The main recognisable
185 topographical features consist either in shallow depressions < 1 m deep or in small conical
186 mounds especially on the edge of the terr&ag @). Shallow sinuous channels also cross the
187 entire surface. In aerial photograpky,appears irregularly covered with subcircudar

188 elongated dark spots a few tens of reeetto 150 m in lengthKig. 5. This type of structure is
189 lacking on the Fz floodplain, which is crossed by large abandoned channels filled with fine-
190 grained, dark-coloured sediments.

191

192 3.1.2. Stratigraphy

193

194 The observations were made on two trenches, the main (section 1) about 2 m deep and 100 m
195 long oriented east/west, the other (section 2) 1.5 m deep and 28 m long oriented

196 northwest/southeast. The stratigraphy of section 1 comprises the following units, from the
197 Dbottom to the topKig. 6):

198

199 [1] Sandy gravel alluvium. They are only punctually expcsg¢tie surface in the quarry and
200 are not visible in the trench. When visible, the dominant lithofabiés!( 1996) consists of

201 trough cross-bedded gravel (Gt) with interstratified sand beds. According to available



202 boreholes from the BSS and observation of the main quarry front, the alluvial deposits form a
203 5-7 m thick sheet overlying the chalk substrate.

204

205 [2] A laminated silt unit up to 2 m thick. The laminae are a few millimetres to 1 cm gk (

206 7A). The grain size is polymodal (probably because of the mixing of different laminae during
207 sampling), and the main modes range betwegimi &fine silt) and 8Qum (fine sand)Kig.

208 8). Small fragments of vegetal tissues and insect cuticle are scattered in the detrital material
209 (Fig. 9. This unit is interpreted as organic-poor lake dep@siisA root porosity associated

210 with ferruginous precipitation is also present but poorly developed. The upper part of this unit
211 is structured in millimee-thick lamellae (platy structure) caused by segregation ice lenses
212 (Fig. 7B), and the lamination is totally obliterated (facies Fm).

213

214  [3] A sandy gravel unit (Gt, Sh) about 1 m thick, showing an upward fining tFead70O. It

215 corresponds to fluvial deposits that fill a channel eroding the underlying fine-grained unit. A
216 thin ferruginous pan develops at the contact between the units.

217

218 [4] Massive sady gravel deposits (Gm) 1 m thick overlying the alluvium. Locally, the

219 sediment contains a large proportion of fine particles, and the gravels are scattered in a sandy
220  silt matrix (matrix support, Dmm). Some sand levels form involutions with a massive

221 structure (facies Sm). This unit is interpreted as slumped alluvial and lacustrine deposits.
222

223 [5] Sand (Sh) and laminated or massive and silt deposits (FI, Fm) with a platy structure

224 unconformably cover unit [2] in the western part of the trench, where #magach 2 mn

225 thickness. This unit also corresponds to lake deposits. Because of truncation caused by quarry
226  works, its stratigraphical relationship with units [3] and [4] remains unclear. We suppose here
227 that unit [5] postdates unit [3].

228

229 3.1.3. Deformation

230

231 Abundant deformation structures can be observed throughout the trench. They consist of:
232

233 - A vertical structure about 0.4 m width cutting through the basal grey blaeustrine

234 silt [unit 2] and filled with massive oxidized siFif). 7D). The surrounding beds are

235 curved downward symmetrically on either side of the structure. This depression,
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visible on both sides of the trench, is interpreted as an ice wedge pseudomorph.
Approximately 10 m to the west, a second depression may correspond to a®ther i

wedge pseudomorph.

- Ductile deformation affects the deposits, particularly in the eastern part of the trench.
It can be seen both in the silt [2] and the sagr@vel [3] units, which form a
recumbent foldKig. 10A). The slumped levels [4] overlay the folded unit. Jéne

features testify to the deformation of water-saturated sediments.

- Faults intersect the deformed beds. The faults are predominantly normal and indicate
the collapse of sediments above the ice wedge pseudomorphs over a width of several
metres. Laterally, conjugate normal faults delineate small grabens in the lake silts due

to lateral spreading of the deposits.

- Cracks without vertical displacement, sometimes underlined by secondary carbonate
accumulation, develop from the top of the section. They are associated with a well-
developed platy structure. The fissures are about 1.5 m high and are a fesv met
apart. They are interpreted as thermal contraction cracks postdating sediment

deformation.

In the western part of the trench, the section shows laminated silts (unit [5]) extending over
several tens of migs. This unit is locally affected by normal faults with an offset of a few
centimetres. A recumbent fold involving sand and silt beds is also viBigles|. At the

western end, a small cross-section transverse to the main trench exposes a sandy gravel unit
showing planar cross stratification with a dip of 30 to 33°. A tilted block of bedded sand is
interstratified in this unit, which is interpreted as a small déig (LOB). Laterally, laminated

silts cover the deltaic sands. The beds show a 20° plunge but become progressively horizontal
about 10 m to the eastig. 10Q. The lack of onlap structures indicates that the plunge

resuled mostly from post-sedimentary deformation caused by the collapse of the central part

of the lake deposits.

The second trench (section 2) also shows strongly deformed sandy gravel interstratified with
fine-grained lake deposit&ig. 11). Deformation is pervasive in this trench and in other

locations in the quarry. It comprise¥ifiverse faults associated with the subsidence of sandy
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gravel units Fig. 12A), (ii) overturned folds in sandy gravel or sHid. 12B), (iii)
involutions, andiy) tilted and faulted deltaic sandsiq. 12Q.

3.1.4. Chronological data

Radiocarbon dating of lake silts collected at the bottom of the main trémgcl)provided

an age of 20,320 + 70 BP (Beta-470451), i.e., after calibration (Intcall3 calibration curve,
Reimer et al., 20)3etween 24,645 and 24,120 a. cal B&)(Z'his age corresponds to
Greenland stadl GS-3 (Rasmussen et al., 2014ne of the coldest periods of the Last
Glacial Hughes and Gibbard, 20)L5

The OSL dating of unit [3] sands (locationFiy. 6 was also carried out from which an age
of 16.6 £ 0.9 ka (Shfd 17101) was obtained. This places the late phase of fluvial deposition
within Greenland Stadial GS-2.1a.

3.1.5. Interpretation

The site of Marcilly-sur-Seine shows lake deposits resting on the lower terrace (Fy) of the
Seine River. The low organic content of the silts suggests that the banks were poorly
vegetated and that the biological productivity in the lake was vi@ahkination preservation

also indicates near absence of bioturbation on the lake bottom. Because the lake was
shallow, these features indicate an environment unfavourable to biological activity, probably
a periglacial context in agreement with the numerical ages obtained. In such a context, the
hypothesis of a thermokarst origin can be proposed. It is supported by the following

arguments:

- According to the widely accepted schefaenorthern Europe, the rivers adopted a
braided pattern during the Last Glaciah{oine et al., 2003; Briant et al., 2005;
Vandenberghe, 2008The accumulation of fine-grained particles in abandoned
channels is typically reducetiall, 1996), and the formation of thick lake deposits

seems unlikely in this kind of fluvial environment.

- Unit [5] (lake silts) formed after a phase of ice wedge degradation associated with
sediment subsidence and fracturing. The development of shallow thermokarst lakes
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304 (typically 1-5 m;Hinkel et al., 201Pcaused by the melting of ice wedge networks is a
305 common process in permafrost-affected floodplains of modern Arctic milieus.

306 Drainage occurs as a result of erosion of the lake margin by fluvial channels, or
307 becaus®f the decay of ice wedge polygons in adjacent |dhackay, 1988; Jones

308 and Arp, 201} or else because of permafrost thaw under the Magh{kawa and

309 Hinzman, 2003 The presence of ice wedge pseudomorphs in the Fy alluvium is
310 attestedn many sites in the study ar@di¢hel, 1975 Fig. 11). The mound-like

311 topography observed on the edge of the Fy teriaige 4 can also be interpreted as
312 remnants of degraded ice wedge polygons (badland thermokarst Falefsh, 2007;
313 Kokelj and Jorgenson, 2013; Steedman et al., @it the shallow sinuous valleys
314 between these reliefs are likely to be meltwater chanRelsi€r et al., 2007

315

316 - Fluvial channels built small deltas the lake. The lake centcollapsed and the

317 laminated deposits were deformed. Tilting of the deltas during their edification

318 indicates that subsidence may have been partly synsedimentary. This would result
319 from progressive permafrost melting during widening of the thermokarst lake

320 (Morgenstern et al., 20)3

321

322 The large recumbent folds are original structures rarely reported in the literature. Related
323 structures have been describedPiysart (20000 ramparts surrounding Younger Dryas

324 lithalsascars in Belgium. According issart et al. (201 13he growth of segregation ice

325 mounds in the context of discontinuous permafrost would cause vertical and lateral thrusting
326 of the surrounding sediments. The circular ramparts that remain after ice melting originate
327 from the combined action of lateral thrusting during Islgrowth and of active layer

328 slumping on the hillside. Trenches in the ramparts show folds induced by slumping and often
329 normal andeverse faults. Mound collapse during thaw causes subsidence of the deformed
330 sediments, and the hinge of the folds then becomes subhorizontal. In the context of Marcilly-
331 sur-Seine, the growth of ice-cored mounds during periods of permafrost development appears
332 highly probable and would have been responsible by part for the formation of pools.

333 According toWolfe et al. (2014)n Canada, the lithalsas develop mainly in fine-grained

334 deposits favourable to ice segregation, especially in glaciomarine or glaciolacustrine clayey
335 silt depositan wet lowlands. They reach 1 to 10 mestin height and have a rounded or

336 elongated shape (lithalsa plateaus and ridges). This type of context appears similar to that

337 inferred at Marcilly-sur-Seine.
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Figure 14depicts the main sedimentary phases identified in Marcilly-sur-Seine. Ice wedge
formation predates 24 ka cal BP and may correspond to the main phases of ground ice
development (31-25 ka) as identified from the loess sections in northern Fhatoed et

al., 2014 Bertran et al., 2004

3.2. Gourgancgon

3.2.1. Geomorphological setting

Gourgancon (48.6840°N, 4.0380°E) corresponds to an old quarry in the Fy alluvial terrace of
the Maurienne River, a small tributary of the Aube River. The river watershed is entirely
located in Cretaceous terrains, and therefore, the fluvial deposits are mostly calcareous. The
local substrate is composed of Santonian (c4) and Campanian (c5) chalk, which forms hilly
relief up to 50 m above the vallelyi¢. 15. The chalk is affected by faults near the dieite

et al., 200Y. The discontinuous loess cover and the underlying fragmented chalk are
frequently affected by cryoturbation, which forms soil stripes on slopes. The IGN aerial
photographs make it possible to identify soil stripes in many fields surrounding the study site,
particularly in areas where the Campanian substrate outdfmps §. Gourgancon has been

the subject of previous publicatior3aize et al., 2007; Benoit et al., 2013; Van Vliet-Lanoé

et al., 201§, and divergent interpretations were proposed to explain the origin of the

deformations.

3.2.2. Stratigraphy

The stratigraphy comprises the following units, from the bottom to thd-top1():

[1] Poorly stratified chalk gravel (Gm), mostly exposed in the SW part of the quarrg with

maximum thickness of 3 m. This unit is interpreted as alluvium.

[2] Dominanty horizontaly bedded sand and small gravel (Shy$. 18A,B. Lenses with
planar cross bedding (Sp, current ripples) or massive lenses (Sm, probably related to
sedimentary mass flows) are also visible. This unitis 1 to 3 m thick and mostly develops at

both ends of the outcrop.
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[3], [4] Laminated silt and fine sand (FHigs. 18C,D showing by place a prismatic

structure. These units develop in the central part of the outcrop where they reach almost 3 m
thick. Lamination is mostly horizontal but shoassignificant dipin the NE part of the cross
section. In this area, the lower unit [3] has a strong dip (16-20°) and is affected by brittle
deformation. The upper unit [4] rests unconformably on unit [3] andadgsmaller angle

(5-7°). Bedding at the top of the lower unit is distorted and evanescent. Deformation is

interpreted as resulting from slumping of the silts.

[5] Up to 1 m thick sand and small gravel with planar cross-bedding (Sp) passing laterally to
unit [4] (fig. 180).

Units [2] to [5] are interpreted as lake deposits similar to those observed at Marcilly-sur-
Seine. According t&/an Vliet-Lanoé et al. (2016jhe prismatic structure would reflect the
development of reticulate ice in the silts. The SW zone of the outcrop, where the silt units are
lacking, probably represents a delta fed by inputs coming from theyrig#slope or,

possibly, by alluvial deposits from the Maurienne River. A second delta, later covered by
laminated silts, is also visibla the NE part of the section. The éggts [5] reflect delta

progradation toward the SW during the final evolution of the lake.

3.2.3. Deformation

Widespread deformation affects the deposits. Two events can be identified: the first located to
the NEis synsedimentary; the second to the SW is postsedimentary. The structures are

organised in a similar way and comprise:

- A network of symmetric bell-shapedverse faultsKigs. 17, 18A. In the SW part of
the cross section, which is the most legible, the fault structure is located justabove
depression in alluvial deposits, which have been injected by a large body of
unstratified, upward-fining sand. The injection has a globular shape with protrusions
interpreted as dykes.

- A network of conjugate normal faults developed laterally to the reverse fagjis (
18B).
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The first generation of faults developed between two phases of lake sedimefigtids) (

and folloned a bulging of the deposits, which caused their slump. The heaved deposits were
truncated, and the later lacustrine unit was deposited unconformably on the former. The
second faulting evertb the SW intersects the whole sequence and has therefore developed at
the very end of lake infilling.

3.2.4. Chronological data

Because of the lack of organic material and the calcareous composition of the deposits, the
chronological framework available for this section is limited. The OSL dating of sand from
unit [2] was previously tried by CIRAMJIRAM, 2014, and enough quartz grains were
retrieved. The sample gave an age of 13.57 + 0.56 ka, contemporaneous with the Bdlling-
Allerdd interstadial (Greenland Interstadial (GI)Rlgsmussen et al., 2014t the end of the

Last Glacial. However, since this age reflects the last exposure to light of the quartz grains,
i.e., the time of burial, this OSL age would imply that deposition of the overlying sediments,
including the lake deposits, would have taken place during the Lateglacial or the Holocene.
The lithofacies, however, is not compatible with such an age when compared to other regional
alluvial records Rastre et al., 2001; Antoine et al., 2)Gd deposition in an earlier phase of
the Last Glacial must be favoured. Incorrnecay dose rate assessment because of sediment
heterogeneity could lead to age underestimation by a few millennia. The similarity of the
sedimentary sequence with that of Marcilly-sur-Seine also strongly suggests that lake

sedimentation occurred during the Last Glacial.

3.2.5. Interpretation

As in Marcilly-sur-Seine, the sedimentary sequence shows lake deposits overlying coarse-
grained alluvium. Deposition took place in a periglacial context and reticulate ice developed
in shallow lake sediments. Consequently, thermokarst may be proposed as the most plausible

factor for lake formation.

Brittle deformation affe&dthe lacustrine units. The deformation pattern, which associates a
network of bell-shaperkverse faults and normal faults, has already been described from
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laboratory experiments aimed at reproducing the subsidence of a bloclagoftezover

(Sanford, 195por the formation of a caldera above a magmatic chanibeehe et al., 2001,

Walter and Troll, 2001; Geyer et al., 2006; Coumans and Stix,) 2bliiese experiments,
bell-shaped fractures form in granular material above the chamber, and annular tension cracks
(normal faults) starting from the surface accommodate the collapse laterally. Further
development of the fractures up to the surface is accompanied by downward movement of the
lower blocks toward the cavity (reverse faultingig( 19A). Successive fractures are created

as the cavity collapses and fills. In the case of uneven vertical stress due to surface reliefs,
Coumans and Stix (2018howedthat fracturing may develop asymmetrically above the

cavity, and a system of conjugate normal faults forms preferentially in the highegtigide (

20B).

The fault distribution at Gourgancon shows that two zones of collapse developed: one to the
NE between two phases latustrine sedimentation; the other to the SW during a final phase

of lake filling. The SW structure is centred above a sand injection, showing that high
interstitial water pressure occurred leading to hydraulic fracturing and sand fluidiZbies (

et al., 201). The association between injection and faulting of the overlying sediments
strongly suggests that the two phenomena are genetically linked. Therefore, ground
subsidence following the collapse of a cavity created by the emptying of a liquefied deep sand

layer seems to be the most plausible factor at the origin of faulting.

Excess water pressures may be related to different contexts. In nonperiglacial environments,
interstitial water pressures higher than hydrostatic hardly develop in freely drained coarse-
grained materials unless an external stress is applied. In particular, liquefactaieie

saturated sand, hydraulic fracturing, and fluidization have been reported as a consequence of
earthquakesYloud, 1973; Audemard and de Santis, 1991; Obermeier et al., 2005; Thakkar et
al., 2012. In periglacial environments, excess water pressure may occur either because of
permafrost aggradation at the expense of an unfrozen ground pocket (talik), e.g., during
refreezing of sediments a drained lake in the context of continuous permafrost (closed
system), or through gravity-induced water flonaithawed layer beneath or within the frozen
ground(open system)Nlackay, 1986, 1998; Yoshikawa, 199Blydraulic fracturing and

water injection followed by its transformation into ice gives rise to massive ice sills overlain

by a few decimetre-thick sedimentary cover (pingos, seasonal frost blisters). These can reach

several meters in height. Continuous permafrost (and, therefore, the formation of closed
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474  system pingos) during the Last Glagmunlikely in the Paris BasirApdrieux et al., 2016a

475 However, the palaeoclimatic (widespread discontinuous permafrost) and geomorphological
476 contexts (alluvium at the foot of a slope) was favourable to the development of open system
477 pingos or frost blisters (e.¢?ollard and Van Everdingen, 1992; Yoshikawa, 1993; Worsley
478 and Gurney, 19961n the examples investigated in modern Arctic environments, ground

479 water was confined between the permafrost and the frozen part of the active layer in an

480 alluvial fan or plain. Excess water pressure resiffom gravity flow between the feed

481 zone and the site. The growth of ice mounds in a fluvial channel ledaioandonment by the

482  river (Worsley and Gurney, 1996)

483

484 In the NE fault zone, no injection structure was observed and the mechanism responsible for
485 collapse and fraating is less obvious. Tilting of laminated silts, indicative of bulging,

486 followed by slumping provide clear evidence that a mound formed laterally in the lacustrine
487 deposits. This mound developed probably after lake drainage and exposition of the sediment
488 to frost, leading to the growth of segregation ice (lithalsa) or injection ice (or both as is the
489 case for many modern ice mounds accordingdais and Ross, 200.7The lack of obvious

490 injection features may be result from the inappropriate location of the cross section with

491 respect to the structure or from the absence of a sand layer prone to liquefaction at depth.
492  Active layer slumping suitably explains tilting of lacustrine silts [unit 3], soft-sediment

493 deformation observed at the top of this unit, and truncation. Subsequent collapse and

494 fracturing caused by ice melting was followed by resumption of lake sedimentation.

495

496 3.3. Other potential thermokarst structures in alluvial context in the Paris Basin

497

498 Cross sections in alluvial deposits from the Last Glacial potentially hosting therimokars

499 structures (except for ice wedge pseudomorphs) are rare. To overcome this difficulty, other
500 indices have been sought to try mapping the areas affected by thermokarst. These indices are
501 based on the detailed topograathidata available from the 5-m DEM (IGN) and on the aerial
502 photographs accessible in Google Earth. The thermokarst features at Marcilly-sur-Seine are
503 associated with a pitted or undulating topography and a spotted pattern on aerial photographs.
504 This pattern typifies the whole Fy terrace near the Seine-Aube confluenzar{cfliet-

505 Lanoé et al., 2006 Dark spots correspond to fine-grained wet (lacustrine) deposits, while

506 light spots indicate that coarser well-drained alluvial materials are exposed. Similar features

507 have, therefore, been sought in other areas of the Paris Basin. If possible, the presence of
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potential lake deposits has been verified through the borehole data stored in the BSS
(BRGM).

The identified sites are plotted king. 21. All are located in upper Cretaceous terrains north of
latitude 48°N, in an area with abundant ice wedge pseudomakptsdux et al., 2016a
These features are sometimes associated with other periglacial structures, such as polygons in

nearby alluvial depositd={g. 22, or soil stripes on sloge

In some sites, available boreholes show fine-grained light-coloured levels, generally described
as‘grey clays (Fig. 23. These deposits, 0.5 to 3 m thick, appear most often at the top of the
alluvial sequence, or more rarely are interstratified in alluvial sand and gravel. They contrast
with Holocene channel fillings, which usually have a dark adb@cause of thehigh

content in organic matter and are similar to the lacustrine silts observed at Marcilly-sur-Seine.
Michel (1967)also describesnarly silts associated with depressions thought to be of
thermokarst origin in the Fy terrace in an area located near Villiers-sur-Setoej@8m

west of Marcilly-sur-Seine.

4. Discussion

4.1. Origin of the brittle deformation

The sites of Marcilly-sur-Seine and Gourgancon show that thermokarst lakes developed
during the Last Glacial in alluvial depositsthe Paris Basin. In the first site, thermatas
clearly associated with the melting of an ice wedge network. At least two phases of
thermokarst development followed by a phase of lake drainage, alluvial deposition, and
segregation ice growth (platy structure) can be identified. According to some aérteorshy
2007), such an evolution can occur autocyclicallghout any climate forcing. When water
does not freeze up to the lake bottom in winter, the underlying permafrost degrades
(formation of a talik beneath the pdeither partially or totally in areas of thin discontinuous
permafrost Yoshikawa and Hinzman, 20p3Vithin the frame of the French Pleistocene, the
succession of stadials and interstadials probably played a major role in permafrost evolution
(Antoine et al., 2014; Bertran et al., 20 hd may explain the cyclic development of

thermokarst in the floodplain. The fine-grained lacustrine deposits have themselves promoted
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the growth of segregation ice mounds. These have resulted in significant deformation of the
sediments. Ductile deformation developed mainly caused by slumping of the lifted active

layer on hillsides. The associated features are intersected by pervasive brittle deformation.

According to the contextual analysis, a periglacial ongithe most parsimonious hypothesis

to explain fracturing. The faults are attributed to sediment settlement after melting of ice
wedges and segregation or injection ice bodies. Because of the scarcity of natural cross
sections, faulting has been rarely reported from modern permafrost regions. Mention of
steeply dipping, ice-filled reverse faults has been madediyels et al. (2008yom cores in

a lithalsa from northern Quebec (Canada). Large subvertical ice-filled fractures were also
observed byVinnemann et al. (2008) a lithalsa section from India. According@almels

et al. (2008)the faults would have developed during the growth of ice lenses following
permafrost aggradation. They would have been initiated by cryodessiccation cracks, and the
offset would have res@tifrom the differential growth of ice lenses. Normal and reverse
faults have been described in Pleistocene pingo and lithalsa sd¢éasd®syand Bohncke
(1992)andPissart (2000a,b)n these cases, thaw settlement was thought to be the main
factor involved in faulting. Thaw settlement-induced normal faulting in the sandy host
material of Pleistocene and Holocene ice wedge pseudomorphs is also commonly reported
(e.g.,Murton, 2013.

The origin of brittle deformation frequently observed in the Pleistocene alluvium of the Paris
Basin has been strongly debated in the literature and different hypotheses have been proposed.
Coulon (1994)Benoit and Grisoni (199%8ndBenoit et al. (2013javoureda seismic

hypothesis. Fracturing was thought to reflect the propagation of deep-seated faults through
superficial sediments during earthquakes. Sand injections would hewe&iggered by local

liquefaction of the sediment caused by seismic vibrations.

Baize et al. (2007¢onsideedthe hypothesis of dissolution of the underlying limestone (karst
formation) to be the most likely to explain the faults observed at Gourgancon. They reject a
seismic hypothesis, mainly because of (i) the low regional seismicity both for the recent and
the historical periodsijif the large cumulad offset of the faults (>1 m), which would imply

a high magnitude earthquake unlikely to occur in the geodyaéouatext of the Paris Basin;
and (i) the mismatch between movements recorded by the faults affecting the Pleistocene

deposits and those in the Mesozoic chalk substrate. Since then, further cleaning of the quarry
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front highlighted the symmetrical nature of the reverse fault network, which fits well with the
collapse of sediments over a cavity. Some arguments weaken the karst hypothesis, however.
These are (i) chalk karstification is generally limited, although not entirely albdee

2013; (ii) a faulting phase occurred between two phases of lacustrine silt deposition; the
glacial periods were, however, not favourable to dissolution because the produGoniof

soils by living organisms remaed low (e.g.,Ford, 1993; the deposits are carbonate-rich and

the ground water was probably saturated with respect to caiicit¢hé strong local dip of silt
layers and the presenceasferosional surface within the deposits show thatg¢have been
affected by a phase of bulging, which is hardly explainable within the frame of the karst
hypothesis; and\() karst does not account for the association between fracturing and the

injection of fluidised sandh the cente of the fault structure.

The scenario proposéry Van Vliet-Lanoé et al. (2016avoureda periglacial origin for the

faults. Accordingly, fracturing would be caused by sliding of the depositsiidepression

left by ice melting, possibly from a lithalsa. The movement would have occurred over

sliding plane formed at the base of the lacustrine silts, and the arched shape of the faults
would be related to later deformation by frost-creep. However, this mechanism does not take
into account the symmetric development of the faults, which excludes horizontal spreading as
the main process but is in agreement with the model of collapse above a cavity. The sand
injection was interpreted byan Vliet-Lanoé et al. (2016s slow soft-sediment deformation
following ice melting. Such hypothesis seems equally unlikely,ibdoes not account for the
isolated nature of the structure, which contrasts with classical load cast obsgeddlacial
contexts Yandenberghe, 1992, 2013; Bertran et al., 204r7d for the lack of evidence for

slow deformation of watesgurated material such as bedding deformed parallel to the
structure outlines. In contrast, the sand body shows a lack of bedding, compatible with sand
fluidization, an upward fining that testifies to settling of the particles from a suspension, and
protrusions, which indicate hydraulic fracturing of the host sediment. These features are
thought to be more indicative of sudden intrusion of water-suspended sand through the

overlying layers than of slow sediment deformation upon thawing.

4.2. Pattern and distribution of thermokarst structures

Although the formation of lakes in connection with the melting of ice wedges in low-lying

areas is well documented from today's Arctic environments, no similar structure has been
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described so far in Europe except for a few sites from the Netherlands and eastern Germany
(Van Huissteden and Kasse, 2001; Bohncke et al.,)20080se sites, the lake infillisg

comprise organic silt layers (gyttja) a few decimetres thick and alluvial and aeolian sand.
According toBohncke et al. (2008}he baal lake deposits are affected by involutions that
would have formed during permafrost degradation. Contrary to Marcilly-sur-Seine, the
overlying lacustrine units do not exhibit any significant deformation, possibly because of their

low thickness and of rapid burial during the subsequent stadial.

If the hypothesis of lithalsa formati@t Marcilly-sur-Seine is correctye can note that they

did not generate rampatrts clearly identifiable in the field and from the 5-m DEM. In addition,
the pattern in aerial photography does not reveal any obvious circular structure as initially
expected, but mostly irregular dark and light-coloured spat&ourgancon, the low quality

of the DEM and the disturbances caused by quarrying do not make it possible to identify
specific reliefs. Circular ramparts (sometimes elongated alongs$laeconsidered the best
criterion for identifying scars of ice-cored mounds, and many examples have been reported
from northern Europe/atson, 1971; Pissart, 1983, 2000a,b; Kasse and Bohncke, 1992;
Ballantyne and Harris, 1994; Ross et al., 20The few dated examples show, however, that
these rampaed structures are quite recent, i.e., Younger Dryas (MIS 1) or very end of the
Last Glacial (late MIS 2) (review iRissart, 2000b Erosion by a wide range of
geomorphological processes (slumping, frost creep, overland flow, fluvial processes,
deflation) may explain the faint reliefs still surrounding late MIS 2 scer$s@ns, 1988;

Kasse and Bohncke,19p@nd the almost total disappearance of the ramparts in older scars.
According toPissart (2000athe formation of lithadaplateaus rather than isolated mounds
may also be involved in the lack of circular structures left by ice melting. In Belgium, this
author described areas with circular ramparts coexisting with areas of very confused
topography, probably corresponding to the degradation ofdalpdédteaus. The association of
lake deposits, evidence for a periglacial context, undulating or pitted topography, and
abundant ductile and brittle deformation of the lacustrine layers is assumed here to be the

most reliable criterion for the identification of Pleistocene lithalsas andsithkteaus.

The alluvial sites potentially affected by thermokarst in the Paris Basin are distributed north
of latitude 48°N in a zone that has yielded abundant ice wedge pseudomauppsr
Cretaceous terrains. Unexpectedly, the search for similar structures in other regions of

northern France was unsuccessful. In addition, laminated mineral lacustrine deposits on
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Pleistocene terraces have never been reported in the literature to our knowledge. The reason
may be lithology. Lower Cretaceous terrains (mostly composed of sand, clay, and marl) have
delivered large amounts of fine-grained particles to the water courses that cross them. Fine
particle accumulation in alluvial plains downstream gave birth to deposits highly susceptible
to the formation of ice wedges and segregation ice. River incision in their lower course as a
consequence of sea level lowering during the glacial was not favourable to broad
sedimentation of fine-grained particles, and the almost exclusive supply of large elements
(flint pebbles) by the upper Cretaceous chalk led to the deposition of dominantly coarse-

grained alluvial material, in which ice growth was limited.

5. Conclusion

The Last Glacial fluvial sequences of the Seine and Maurienne rivers show laminated
lacustrine deposits overlying alluvial sandy gravel. A thermokarst origin of the lakes is
supported by abundant traces of ground ice, partigulze wedge pseudomorphs beneath the
lacustrine layers at Marcilly-sur-Seine, and synsedimentary deformation features caused by
thaw settlement. These features include both brittle deformation (normivanske faults

resulting from ground subsidence caused by ice melting and ductile deformations caused by
slumping of the sediments heaved by the growth of ice-cored mound®cbineespond to

lithalsas (or lithadaplateaus) at Marcilly-sur-Seine and open system pingos or litrsdéa
Gourgancgon. At least two generations of thermokarst are recorded in each quarry. They could
reflect the Dansgaard-Oeschger millennial climate variability typical of the Last Glacial.

The structures studied in quarries are associatedawgthical undulating topography and a
spotted pattern in aerial photographs. The search for similar pattehesParis Basin

indicates that many other potential thermskaites exist in the Last Glacial terrace (Fy) of

rivers located north of 48°When they cross the lower Cretaceous sands and rimasisme

sites, the presence of organic-poor, fine-grained deposits presumably of lacustrine origin was
confirmed by borehole data. The site distribution coincides in part with that already known

for ice wedge pseudomorphs. The lack of identifiable thermokarst in large areas of northern
France could be related to the coarser grain size of the alluvial deposits.

The discovery of lake deposits also opens up new possibilities for documenting the

palaeoenvironments of the Last Ghldn the Paris Basin from pollen, insect remains, and
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other biomarkers, as they are still poorly known from continental records. This aspect,
together with the precise dating of the deposits, should prompt further investigation.
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Figure captions

Fig. 1. Distribution of Pleistocene periglacial features in France, fodnieux et al. (2016h)
and neighbouring countries, froigarin et al. (1998)The southern limit of widespread
discontinuous permafrost is taken frémdrieux et al. (2018and corresponds to the

modelled LGM isotherm (Max-Plank Institute PMIP3 model, courtesy of K. Saito) that best
fits the southern limits of ice wedge pseudomorphs. LGM glaciers aresinbens and

Gibbard (2004jor the Alps and the Pyrenees and frbilonghes et al. (2016¢r the British-
Scandinavian Ice Sheet.
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1046 Fig. 2. Simplified geological map of the Paris Basin (BRGM, infoterre.brgm.fr), and location
1047 of the study sites. The periglacial features listedindrieux et al. (2016bare indicated.

1048

1049 Fig. 3. Topography of the Marcilly-sur-Seine area, from the 5-m DEM (IGN). (A) Elevation;
1050 the Fy terrace is in pale rose to red colour; (B) shaded topography. The rectangles correspond
1051 to the areas enlarged in Figs 4 and 5.

1052

1053 Fig. 4. Detailed topography (A) and aerial view (B) of the Fy terrace near Marcilly-sur-Seine
1054 (IGN/Google Earth). The location of the area is indicatedgn¥; ch— shallow channel, cm

1055 - conical mound, dep depression, g quarry.

1056

1057 Fig. 5. Composite aerial view (IGN/Google Earth) of the Fy terrace near Saint-Just-Sauvage.
1058 The location of the area is indicated ig.R3.

1059

1060 Fig. 6. Schematic stratigraphy of the main trench, Marcilly-sur-Seine. Lithofacies codes
1061 (Miall, 1996} Gm- massive gravel, Gttrough cross stratified gravel, Smmassive sand,

1062 Sh- horizontally bedded sand, Frmassive silt, F+ laminated silt, Dmm diamictic unit.

1063 The rectangles indicate the location of the photographs showgsn7and 10.

1064

1065 Fig. 7. Close-up views of the main sedimentary units, Marcilly-sur-Seine. (A) Oxidised

1066 laminated silt (unit 2); (B) massive silt with a platy structure inherited from segregation ice
1067 lenses (top of unit 2); (C) bedded sand and fine gravel (unit 3); (D) deformed silt and bedded
1068 sand above an ice wedge pseudomorph. The location of the photographs is shgwé.in F
1069

1070 Fig. 8. Grain-size distribution of three samples representative of unit [2] lake deposits,

1071 Marcilly-sur-Seine.

1072

1073 Fig. 9. Microfacies of lake deposits, unit [2], Marcilly-sur-Seine, Plane Polarised Light. (A)
1074 Laminated silts; the lamination is partly disrupted (v: vesicles); (B) fragment of insect cuticle
1075 in laminated fine silts.

1076

1077 Fig. 10. (A) Rraumbent fold in sand (unit 3) covered by a diamictic layer (unit [4]); (B)

1078 planar cross bedded sand (delta); a tilted and deformed block of bedded sand is visible at the

1079 base; (C) laminated lacustrine silt; lamination is subhorizontal to the left and dips up to 20° to
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the right of the trench. The deltaic sands shown in (A) are located to the right end of the
trench.

Fig. 11. Schematic stratigraphy of trench 2, Marcilly-sur-Seine. Same lithofacies codes as in
Fig. 6.

Fig. 12. (A) Reverse faults in alluvial sand and gravel; (B) overturned fold in bedded
lacustrine sand and silt; (C) normal faults in deltaic sand. The location of (C) is indicated in

Fig. 11. All photos are from P. Benoit.

Fig. 13. Ice wedge pseudomorphs in Fy terrace, Sauvage quarry (photos P. Benoit).

Fig. 14. Schematic reconstruction of the main sedimentary phases recorded at Marcilly-sur-
Seine.

Fig. 15. 1:50,000 geological map of the Gourgancon area (BRGM) and location of soil stripes
listed inAndrieux et al. (2016)

Fig. 16. Soil stripes in IGN/Google Earth aerial photographs near Gourgancon. (A)
Champfleury2 (48.6225°N, 4.0041°E), (B) Gourgancon7 (48.6611°N, 4.0129°E). The feature
location is shown ini§. 14.

Fig. 17. Schematic stratigraphy of Gourgancon quarry front. Same lithofacies codeggas in F

6. The rectangles indicate the location of the photographs shown in Figs. 18 and 19.

Fig. 18. Close-up view of (A) reverse faults and sand injection in bedded sand (unit 2); (B)

conjugate normal faults in bedded sand); fi€€esets (unit 5); (D) lacustrine silts (unit 4).

Fig. 19. From bottom to top, faulted sand (unit 2), slumped silt (unit 3), slightly dipping
laminated silt (unit 3) lying unconformably over unit [2].

Fig. 20. (A) Experimental bell-shaped faults developed above a cavity in a sand box, from
Geyer et al. (2006)B) asymmetrical collapse under a sloping surface, ftmmmans and
Stix (2016)
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Fig. 21. Location of potential thermokarst sites and borehole showing supposed lake deposits

in the Paris Basin. Ice wedge pseudomorphs are Aodnieux et al. (2016)

Fig. 22. Aerial view of Varennes-sur-Seine site (IGN/Google earth) showing transition
between former ice wedge polygons and depressions of various shapes probably of

thermokarst origin (P: pits at the intersection of ice wedges, TL: thermokarst lakes).

Fig. 23. Schematic stratigraphy of two boreholes showing potential lake deposits, from BSS
(BRGM), and interpretation. BSSOOOWFPHBarbey, BSSO00UHFB Saint-Just-Sauvage.



Table

Table 1. OSL-related data and age of the sampled site.

K U Th Cosmicdose Total dose b < OD
SAMPIeCOde (%) (pm) (ppm) (Gya®) (Gykyr)e PN N gy A%t

Shfd17101 0.6 1.37 4.20 178+ 9 094+0.05 1559+0.23 24 9 16.6 £0.90

& Corrected fory contribution from adjacent sediments to that sample. See text for details.
® D, based on central age model.
N refers to the number of aliquots that met quality control criteria.
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