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morphology. Along the edge of the Saint-Remeéze Plateau, the Rhone valley displays four benchmark levels
generated by the MSC: the Pre-evaporitic abandonment surface (1), the Messinian erosional surface (2), the
Marine/non-marine surface of the Pliocene ria (3) and the Pliocene abandonment surface (4).

The study of these benchmark levels allows us to reconstruct the evolution of the regional base level over the

I;,fg:‘slﬁlrii Salinity Crisis last 6 Ma. We obtain a curve for base-level evolution that provides a geodynamic reference, which is used to
Karst investigate the morphogenesis of the Saint-Remeéze karstic plateau.

Speleogenesis The Ardéche River downcuts the Saint-Reméze Plateau in a deep canyon, from Vallon-Pont-d'Arc to the West, to
Base-level evolution its confluence with the Rhone to the East. Several abandoned valleys are present along the western edge of the
Chauvet Cave Saint-Remeéze Plateau at the inlet of the Ardéche canyon. In these abandoned valleys, the fluvial deposits are

Valley aggradation related to several periods, from the Pliocene onwards. They provide important insights into the fluvial dynamics: a

160 m-thick aggradation sequence infilled the Ardéche canyon during the Pliocene. This aggrading river caused
the first lateral shifting, as an aggradation epigenesis. This first infilling shows that the Ardéche canyon already
existed before the Pliocene. Secondly, it has been demonstrated that the Ardéche Canyon is downcut into the Pre-
evaporitic surface of the Saint-Remeéze Plateau, dated to 5.45 Ma [Martini, J., 2005. Etude des paléokarsts des
environs de Saint-Remeéze (Ardéche, France): mise en évidence d'une riviére souterraine fossilisée durant la crise
de salinité messinienne. Karstologia 45-46, 1-18]. Consequently, the canyon downcutting is entirely due to the
MSC, and occurred during a time span of only 100 000 years. Based on these observations, it is possible to
elucidate the curve of the regional base-level evolution. Hence, we are able to propose a new interpretation of the
geomorphological evolution of the Saint-Remeéze karstic plateau and its cave levels for the last 6 Ma. The cave
levels consist in underground short-cuts of the surface meanders. They mainly developed during the Pliocene
aggradation cycle. The Chauvet Cave, famous for its Palaeolithic paintings, corresponds to one of these
underground short-cuts. The aggradation period ends at the end of the Pliocene with long high-level riverbed
stability. It favours the development of large low gradient surfaces as pediments.
The complete Messinian-Pliocene eustatic cycle is responsible for the downcutting of the Ardéche canyon and its
infilling during the Pliocene. Consequently, karst developed according to the base-level oscillations, as low
gradient surfaces and as cave levels. For the study of the peri-Mediterranean caves and karst areas, we propose to
apply the Lower Ardéche valley evolution model, based on the base-level oscillations during and after the MSC.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction crisis that desiccated the Mediterranean Sea basin and had profound
effects on base levels provided by the major river systems flowing into
the Mediterranean. One such area, where evidence of such changes is
preserved, and where there is evidence of prolonged and varying
* Corresponding author. Aix-Marseille Université, CEREGE, Europdle de I'Arbois, BP 1nteract10ns between .karst and ﬂuv1a! pI‘OCCSASGS, .IS the .hmeStone
80, 13545 Aix-en-Provence, Cedex 4, France. Ardéche Canyon, a tributary to the river Rhone in Mediterranean
E-mail address: ludomocochain@gmail.com (L. Mocochain). France.

Many karst areas around the Mediterranean have been subject to
massive changes of base level since the Late Miocene (Messinian) salinity
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Pliocene marine sediments are present in a paleotalweg currently
located at the outlet of the Ardéche canyon (Fontannes, 1882; Baulig,
1928; Denizot, 1952; Ballesio, 1972; Blanc, 1976; Belleville, 1985). This
outcrop allows us to ascribe the downcutting of the Ardéche canyon to
the Miocene, and possibly to the Messinian period. However, the dating
of the canyon incision phases has remained, until now, an open question
because consistent observations could only be obtained in the outlet of
the Ardéche canyon. This question regarding the age of Ardéche canyon
downcutting provoked debate, especially regarding the interpretation
and ages of speleogenetic phases, which are connected to the evolution
of the Ardéeche base level.

Numerous studies have attempted to explain the existence of cave
levels along the edge of the canyon (Labrousse, 1977; Belleville, 1985;
Pascal et al., 1989; Debard, 1997). At present, discussion centres on the
chronology of the speleogenetic phases. According to some authors
(Debard, 1997; Delannoy et al., 2001a,b, 2004), genesis of the cave levels
resulted from downcutting stages that can partly be ascribed to the
Messinian Salinity Crisis (MSC) and partly to the glacial cycles of the
Pleistocene.

Martini (2005) has demonstrated that the Ardéche flowed over the
Pre-evaporitic surface of the Saint-Reméze Plateau, at 5.45 Ma. Since the
Ardéche is cut into this surface, it is obviously younger. Mocochain et al.

(2006a) have ascribed the canyon downcutting entirely to the MSC. This
hypothesis was based on the ‘per ascensum’ cave level genesis over a
200 m elevation, from the bottom of the Messinian canyon up to the top
of the Pliocene filling of the valleys. The ‘per ascensum’ speleogenesis is
related to the rising of the base level during the Pliocene (phase 1:
rewatering of the Mediterranean Sea; phase 2: river aggradation).

In this paper, we provide a new hypothesis to account for the
downcutting of the Ardéche Canyon, due entirely to the MSC. Dating of the
Ardéche canyon incision can be obtained by studying the deflections of the
river at the canyon inlet, near Vallon-Pont-d'Arc (Figs. 1 and 2). A ‘self-
piracy’ phenomenon (a meander cut-off) produced the Estre “cirque”
during the Upper Pleistocene, as indicated by the age of the last fluvial
sediments (Fza, of the geological map; Pascal et al., 1989). One kilometre
upstream, in the vicinity of Vallon-Pont-d'Arc, our field work has identified
several additional deflections of the Ardéche. The relative chronology of
these deflections allows us to propose a new interpretation for the age of
the Ardéche canyon downcutting and its subsequent evolution.

This renewed interpretation of the direct and delayed impacts of the
MSC allows us to define a new model for the geomorphological evolution
of the Saint-Remeéze Plateau, with implications both for surface
landscapes and for the genesis of the cave levels. This methodological
framework will help the reassessment of all karst areas that surround the
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Fig. 1. Geological map of the Middle and Lower Ardéche.
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Fig. 2. Geomorphological and structural setting of the Saint-Reméze Plateau and its surrounding (after Mocochain et al., 2006a).

Mediterranean basin, which were influenced by sea-level changes, and emplaced during a late Hercynian event and reactivated during the

notably the MSC. Cenozoic tectonic phases (Bellier and Vergeley, 1987). During the
Eocene, the Pyrenean tectonic phase produced wide E-striking folds
2. Geological and morphotectonic context and reactivated a NE-trending major fault system (Cévennes Fault) by a
left-lateral movement (Fig. 1; e.g., Bellier and Vergeley, 1987; Pascal et al.,
2.1. Geological context in the region of Vallon-Pont-d'Arc 1989; Martin and Bergerat, 1996). The Oligocene extension in relation to

the regional rifting reactivated the Cévennes fault and its conjugate
The study region constitutes a regional carbonate plateau affected by fractures (N 140°) by normal faulting. These tectonics produced the Alés
amajor NE-trending fault system, the Cévennes fault system, which was rift (e.g., Sanchis and Séranne, 2000). After the Oligocene, the present
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geological structure was acquired. From the Oligocene onwards, no
activity is recorded along major structures, even if Bellier and Vergeley
(1987) mentioned E-trending compression mainly registered by micro-
structures. Tectonics only occurred during the Upper Miocene and
Quaternary with a regional uplift of about 250 m, as shown by the Pre-
evaporitic surface S;, which remained perfectly horizontal (Clauzon
et al., 1990; Clauzon and Mocochain, 2002; Gargani, 2004).

The Middle Ardéche area corresponds to the Mesozoic and Cenozoic
cover of the Cévennes basement, tilted eastward to the Rhone valley
(Fig. 1). The Ardéche flows out of the Cévennes at Aubenas and then
crosses southward through Jurassic rocks. At Vallon-Pont-d'Arc, the
Ardeche enters a wide depression into the Valanginian marls,
corresponding to the northern part of the Alés rift. Downstream to
Vallon-Pont-d'Arc, the Ardéche turns again eastwards and crosses the
Urgonian Cretaceous limestones, as a 300 m-deep and 29 km-long
meandering canyon.

The studied area is located around Vallon-Pont-d'Arc, at the inlet of
the Ardéche canyon, where it receives a left bank tributary, the Ibie River,
the catchment of which is entirely in Mesozoic outcrops (Fig. 1).

During the Miocene the Saint-Reméze Plateau evolved as an
erosional surface (Baulig, 1928; Cornet, 1988; Mocochain et al., 2006a).
The MSC triggered considerable changes in the predominant horizontal
landscape by downcutting the Messinian canyons.

2.2. Sequence of the Messinian-Pliocene eustatic cycle in
the Mediterranean Sea

The MSC results from an amplification of the onset caused by
endoreic drainage of the Mediterranean during the TB 3.4 3rd order
eustatic cycle (Haq et al., 1987). This collapse, produced by the drying
out of the basin, is responsible for a double imprint:

- The deposition of a thick evaporite layer in the Abyssal plains under
shallow water;

- The shaping of an erosional surface on the emerged margins
prolonged by canyons along the rivers. On the north Mediterranean
edge, the Rhone canyon that extends up to the Jura (Clauzon, 1999)
constitutes the most significant morphological evidence for the
Messinian event (Clauzon, 1982). At the latitude of Pierrelatte (Fig. 2),
near its confluence with the Ardéche, the Messinian Rhone talweg is
situated at —236 m below sea level (bsl) (Demarcq, 1960a; Clauzon,
1982).

The MSC ends with the transgression of the Mediterranean basin
which occurred during the high-stand sea level of the TB 3.4 3rd order
eustatic cycle (5.32 to 3.8 Ma; Haq et al,, 1987; Lourens et al., 2004).
During this high-stand sea level the delayed impact of the MSC took
place firstly with the submersion of the Messinian canyons transformed
into rias and secondly with the ‘Gilbert type fan delta’ infilling of the rias
(Clauzon et al., 1995, 1996).

2.3. Stratigraphic benchmarks and base-level evolution in the Rhone
Mid-valley

Global and Mediterranean sea-level changes are well constrained
(Haq et al,, 1987; Hardenbol et al. 1998; Clauzon et al., 2004). During the
Messinian-Pliocene cycle, these sea-level changes have been recorded
as four stratigraphic benchmarks (i.e. Clauzon, 1996). Any altimetric
change in relation to their initial position allows us to quantify the uplift.
In this area, we identify a 200 m uplift during the MSC, and 50 m during
the Quaternary (Clauzon et al., 1990; Clauzon and Mocochain, 2002);
similar values have been obtained by modelling (Gargani, 2004). From a
morphological point of view, during the MSC, the eustatic drop and the
tectonic uplift provoked the incision of the Messinian canyons. During
the Pliocene, sea-level rise and the long-term high stand induced the
infilling of the canyons. During the Pleistocene, glacio-eustatic sea-level

oscillations, combined with a recurrence of uplift provoked renewed
downcutting of the valleys and the terracing of the Pleistocene alluvial
sequences.

Consequently, the elevation of each benchmark results from both
tectonics and eustacy.

2.3.1. The Pre-evaporitic abandonment surface

The Pre-evaporitic abandonment surface corresponds to the Rhone
and Ardéche alluvial plains just before the MSC, at 5.95 Ma (Clauzon,
1982,1996; Martini, 2005; Mocochain et al., 2006a). The MSC triggered a
series of regressive erosional processes along the hydrographic network.
Messinian canyons abruptly downcut the former alluvial plains.
Consequently, the Pre-evaporitic abandonment surface constitutes an
isochronous benchmark level (Clauzon, 1996). The Pre-evaporitic
abandonment surface appears to be extensively degraded in the
landscape. It is still preserved on the left bank of the Rhone, close to
Bolléne city, at the Saint-Restitut Belvedere, 312 m above sea level (asl). It
comprises a layer of residual gravels composed of reddened silicate
pebbles (Fig. 2) (Denizot, 1934, 1952; Demarcq, 1960b; Bonnet, 1963;
Clauzon, 1982). Along the left bank of the Ardéche River, the Pre-
evaporitic abandonment surface is at an elevation of 330 masl. It is
composed of gravels of a similar petrography that veneer the
fluviokarstic surface (Mocochain et al.,, 2006a,c; Fig. 2). A recent study,
based on micro-mammal dating of fluvial cave sediments, established
that 5.45 Ma ago, just before the downcutting of the canyon, the altitude
of the Ardéche River was 360 masl (Martini, 2005). This accuracy enables
us to calculate the thinning (30 m) of the Pre-evaporitic alluvial deposits
by weathering. Since the Ardéche Canyon is downcut into the Pre-
evaporitic abandonment surface, it is obviously younger than 5.45 Ma.

2.3.2. Messinian canyons of the Rhéne and Ardéche at 5.32 Ma

The bottom of the Messinian canyons marks the maximal down-
cutting at the end of the MSC, just before their submersion by the
Pliocene transgression at 5.32 Ma (Clauzon, 1996). In the Rhone valley,
the Pierrelatte drilling cut through Rhone gravel down to the bottom of
the Messinian canyon at a depth of -236 m below sea level (bsl)
(Demarcq, 1960a; Clauzon, 1982) (Fig. 2). According to a Pre-evaporitic
surface at 342 masl (312 m currently+30 m of weathering), the
benchmark level of Messinian canyon at =236 m bsl indicates that the
Rhoéne cut down about 580 m during the MSC (Clauzon, 1982). The
outlet of the current Ardéche canyon corresponds to the bottom of its
Messinian canyon, located at 50 masl. Thus, the Ardéche Messinian
canyon was perched about 300 m above its confluence with the Rhone.

The Pliocene transgression of the Mediterranean Basin submerged
the canyons and abruptly stopped their downcutting. The Messinian
erosional surface was suddenly transformed into a fossil surface. This
second benchmark level is thus isochronous (Clauzon, 1996).

2.3.3. Marine/non-marine Pliocene surface

The Pliocene transgression forced the rivers to deposit their load at
the uppermost part of the rias. The fluvial sediments infilled the rias
downwards due to the rapid progradation of their deltaic cones, the
Gilbert-type-fan-deltas (Clauzon et al, 1995, 1996). They constitute
marine subaqueous deposits (fore-set and bottom-set beds), overlain by
fluvial sediments (top-set beds). Thus, this filling process progresses
firstly forwards by deltaic progradation and subsequently upwards by
fluvial aggradation. The two different filling facies of marine and fluvial
sediments are separated by a clear sedimentologic discontinuity, the
marine/non-marine surface. This facies discontinuity developed accord-
ing to the progressive forwards progradation of the Gilbert-deltas,
during the period of the rias' infilling. Consequently, this benchmark is
diachronous (Clauzon et al., 1995; Clauzon, 1996). Close to the Saint-
Reméze Plateay, the marine/non-marine surface is visible at Trignan, at
130 masl (Fig. 2). Since it precisely records the elevation of Pliocene sea
level, which was 80 m above the current one (Haq et al., 1987), it shows
that the marine/non-marine transition has been uplifted by 50 m after



50 L. Mocochain et al. / Geomorphology 106 (2009) 46-61

its deposition, mainly during the Quaternary (Clauzon et al., 1990;
Mocochain, 2002; Clauzon and Mocochain, 2002; Clauzon et al., 2004).
Two sites of the marine/non-marine surface, dated by fauna, are
known upstream and downstream along the Rhone valley, respectively
at Péage-du-Roussillon (Aguilar et al., 1989) and at Saze — Mas Soulet
(Clauzon et al., 1995). By interpolation, the age of the marine/non-marine
surface at Trignan is estimated at 4.7 Ma (Mocochain et al., 2006b).

2.3.4. The Pliocene abandonment surface at about 2 Ma

The Pliocene abandonment surface marks the end of the complete
infilling of the Ardéche and Rhone rias around 2 Ma. This last benchmark
level is a large alluvial plain abandoned by a new downcutting phase due
to the Pleistocene glacio-eustatic sea-level fall (Clauzon, 1996). The
Pliocene abandonment surface lies at about 200 masl at the Ardéche/
Rhone confluence (Mocochain, 2002; Mocochain et al., 2006a). It is
characterized by large surfaces composed of reddened quartz and
quartzite pebbles.

During the Pleistocene, the climatic-induced cycles produced
successive phases of downcutting and partial exhumation of the valleys.
They are recorded as alluvial terraces, stepped downwards from the
Pliocene abandonment surface at 200 m to the current level of the Rhdne
River at 44 masl.

From the Neogene onwards, the studied area is only affected by
epirogenic uplift, without any local displacement. Consequently, we can
use the elevation of the Messinian-Pliocene benchmark levels as reliable
altimetric markers. As a result, the identification of four benchmark
levels allows us to reconstruct the evolution of the base level during the
last 6 Ma (Fig. 3).

Around 6 Ma, the Ardéche and the Rhone flowed at an elevation of
340/360 m, slightly above the present weathered Pre-evaporitic
abandonment surface. The triggering of the MSC provoked the Rhéne

and Ardéeche canyon downcutting. This process was ended at 5.32 Ma by
the Pliocene flooding, when the Rhone and Ardéche canyons were at
-236 m bsl and 50 masl, respectively. The base level abruptly rose to
80 masl, following the sudden transgression of the Mediterranean basin.
This level remained stable until the formation of the Rhone Gilbert delta
that marks the beginning of the rivers' aggradation at about 4.7 Ma. The
marine/non-marine surface is presently located at 130 masl, recording a
post-sedimentary uplift of 50 m.

During the Pliocene (from 4.7 to 2 Ma), the aggradation of the rivers
slowly raised the regional base level to 200 masl. Finally, during the
Pleistocene, the rivers re-incised their valleys in successive steps,
washing away their Pliocene infills, and depositing stepped terraces
between 200 m and 50 masl.

3. Geomorphology along the western edge of the
Saint-Reméze Plateau

3.1. The surfaces of the Saint-Reméze Plateau

The Urgonian plateau forms a brachyanticline. It displays classical
karstic features, such as poljes, dolines, shafts and karren fields.
Moreover, four generations of surfaces have cut through the structure
(Fig. 2) (Mocochain et al., 2006a).

Surface Sy. The oldest surface forms a talus which is cut by small
gullies. During the Lower Miocene, onlap occurred onto a transgression
surface which is recognized on the whole periphery of the Alpine
foreland basin. The marine molasses that fossilized the surface are still
present at the contact between the Saint-Reméze Plateau and the Rhone
valley. This surface is now tilted eastward, towards the Rhone valley and
the Miocene foreland basin. The foreland subsidence was responsible for
the tilting of the Sy surface, before the formation of surface S;.

Marine non-Marine surface
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Fig. 3. Reconstruction of the Rhone base-level evolution since 6 Ma based on the Messinian-Pliocene benchmark levels (after Mocochain et al., 2006b).
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Surface S; forms the largest part of the Saint-Remeéze Plateau at an
average elevation of 400 m. In contrast to surface Sy, the S; surface does
not exhibit any correlative deposits. Around the Alpine foreland, the S;
extent is so considerable, and its planarity so remarkable, that it is
considered to be a wave-cut platform, developed during the Middle
Miocene (Besson, 2005). Surfaces So and S; form a system of faceted
surfaces (Baulig, 1956), whose genesis was controlled by the geody-
namics of the Alpine foreland basin (Mocochain et al., 2006a).

Surface S, is smaller; itis encased in S; and lines the median section of
the Ardéche Canyon, predominantly on the left bank. Recent studies of
the unroofed cave systems have shown that the S, surface corresponds
to the Pre-evaporitic abandonment surface (Martini, 2005; Mocochain
et al,, 2006a). Surface S, is presently degraded and located at elevations
ranging between 300 and 330 m. It is a low gradient surface that was
generated by the Ardéche River itself. Consequently, S, develops along
the edge of the canyon as a narrow belt, and is veneered by scarce fluvial
pebbles. Only quartz and quartzite pebbles remain after the intense
weathering of this old Ardéche alluvial plain.

Surface Ss is small. It only extends to the upstream and downstream
sections of the canyon. It gradually connects with the Pliocene
abandonment surface of the Rhone and Ardéche rias. Upstream, near
Vallon-Pont-d'Arc, S5 cuts through the Urgonian anticline on both sides of
the canyon at 260 masl. Downstream of the Ardéche canyon, S; develops

.
Ao a0y

Fig. 6. The weathered infilling of the paleokarst along Razal road, showing allogenic fluvial
material from the Pliocene Ardéche, mixed with karstic terra-rossa. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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around 220 masl. This topographic gradient corresponds to the graded
profile of the old Ardéche valley, which is similar to the current one at the
bottom of the canyon. This S; erosional surface (cut through the
limestone plateau), which connects with the alluvial Pliocene abandon-
ment surface, is a valuable benchmark level, since it allows correlations to
be made between fluvial filling, erosional surfaces and cave systems.

3.2. The successive Ardéche valleys around Vallon-Pont-d'Arc

Around Vallon-Pont-d'Arc, the study of the landscape, the topography,
and the fluvial formations allows us to identify three successive valleys for
the Ardéche: the present valley, a dead canyon to the south, and a paleo-
canyon to the north, wherein the Ibie River presently flows (Figs. 4 and 5).

The modern Ardéche valley is straight, oriented NW-SE. It crosses
perpendicularly through the geological structures in a non-readjusted
course. The second valley, called the South Paleo-Valley (SPV), is a
succession of two abandoned meanders located at each extremity of the

modern valley. The first meander is an abandoned gorge. The valley is
about 60 m deep and is located immediately to the south of the present
valley. The village of Salavas marks the inlet of the first meander downcut
at the contact between the Cretaceous sandstone and the Urgonian
limestone. The SPV continues towards the north and forms a meander
that has reshaped the south flank of the Montingrand Hill. The SPV
alluvial sequence has been called the “Terrace Fza1” by Pascal et al. (1989).

The third valley of the Ardéche, called the North Paleo-Valley (NPV)is
located further north. It forms a short canyon between Montingrand Hill
on the right bank and the talus of the Saint-Reméze Plateau on the left
bank. The Ibie River flows through this canyon, upstream from its
confluence with the Ardéche River.

Paleokarst outcrops on the left bank of the NPV, along the Razal road
(Fig. 5). This paleokarst develops along the Cévennes fault system. These
faults were originally karstified by hypogenic processes (i.e., ascribed to a
thermo-mineral ascending flow), long before the NPV itself. The sub-
sequent erosion opened these paleokarsts, making their filling possible.
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Fig. 8. The allogenic fluvial infilling that plugs Déroc cave. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

The paleokarst infilling is made of pebbles of quartz, basalt, granite,
gneiss, micaschist, and quartzite, some of them being up to 30 cm long
(Fig. 6). Such a petrography is similar to the recent Ardéche terraces,
which are fed by an allogenic catchment from the Cévennes (Fig. 1). In
contrast, the Ibie alluvial sediments are fed by a catchment entirely in
sedimentary rocks, where no crystalline pebble has been mentioned up
to now. Consequently, the NPV was first downcut by the Ardéche River,
then abandoned, and finally re-used by the Ibie River.

These paleokarst forms outcrop along Razal road, from the bottom of
the NPV at about 100 masl, up to 215 masl. On the lower part of the slope,
the fluvial material is fresh. Upslope, its weathering gradually increases.
On the highest part of the slope only small quartz almonds, up to 2 cm,
remain. They are mixed with beige clay originating from the weathering
of the phyllosilicates and the basalts. Close to the surface, the fluvial
material is mixed with terra rossa. The terra rossa formation, which is
ubiquitous on the karst surface, has been washed into the paleokarst
pockets during the Pleistocene (Blanc, 1964).

In places, recent road work has completely destroyed the paleokarst
and its infilling. It shows that this infilling is spread out as a thin veneer
along the slope. From this, we deduce that the present NPV slope
corresponds to the original slope of the valley with its alluvial infilling
protected in shallow paleokarstic pockets (Figs. 4 and 5).

3.3. Cave levels around the Plaine des Gras

The evolution of the base level is the main factor that determines the
organisation of the karst drainage, and consequently of the cave levels
(Palmer, 1987). The base-level curve is the referential used in this paper
to constrain the evolution of both karst and surficial geomorphology.

The region of Vallon-Pont-d'Arc, and more particularly the Plaine des
Gras area, presents a considerable number of caves and karstic formations
amongst which the Chauvet Cave, famous for its Palaeolithic paintings
(Fig. 7). Most of the caves are located along the edge of the Ardéche and
Ibie valleys, such as Chauvet, Déroc, and Louoi caves, as well as the Deux
Avens cave. These caves are short (less than 500 m), because of calcite
deposits or flowstone filling. The caves display large horizontal drains,
often more than 10 m wide, mainly located at about 190 m elevation, such
as Déroc, Louoi, Chauvet, and Deux Avens caves, and also the Plaine des
Gras Aven. Because these cave levels cut through the folded structures,
and since they are not related to any impervious basement, they can be
considered as good indicators of their contemporaneous base level.

Three sediment facies are present: (1) The alluvial facies has an
allogenic petrography, similar to the fluvial filling of the Razal road
paleokarsts (Fig. 8). Although buried and thus preserved from erosion,
this infilling is weathered: limestone pebbles have disappeared;
granite pebbles are weathered and only a few remains of them can
be found; (2) The second facies is composed of yellow sand with fine
quartz grains and mica flakes; (3) The third facies is made of fine beige
silt and clay, rich in mica. This last facies is common in the Saint-
Reméze Plateau caves. It indicates an environment characterized by
non-turbulent flow and buried deposits (Mylroie and Sasowsky, 2004).
The first two facies are similar to the Ardéche alluvium. It shows
that the Ardéche River played an important role in the development of
the caves around Vallon-Pont-d'Arc.

Paragenetic features, formed by solution along walls and ceilings, are
frequent. They also record the progressive filling of the caves by the
fluvial sediments.

4. Chronology and dynamic of the Ardéche valley around
Vallon-Pont-d'Arc

4.1. The South Paleo-Valley (SPV) and the present Ardéche valley

The presence of three successive valleys in the vicinity of Vallon-
Pont-d'Arc raises the question of the deflection mechanism that is
responsible for the shifting of the Ardéche River course from one valley
to another. The process of self-piracy caused by meander cut-offs
explains the abandonment of the first meander of the SPV resulting in
the course of the current Ardéche (Figs. 4 and 9). When the cut-off
occurred, the river was translated towards the south by avulsion, a
process that was responsible for the second meander abandonment.
This interpretation is mainly supported by the cartography of the
terraces Fza; and Fza,. The deposit Fza; corresponds to the course of the
Ardéche in the SPV whereas the deposit Fza, corresponds to the course
after the cut-off (Fig. 4). These two successive terraces mark a two-phase
evolution of the self-piracy, a mechanism which is concurrent with the
stepping dynamic of the Pleistocene terraces. It implicitly suggests that
the downcutting of the NPV occurred prior to the SPV downcutting.

4.2. The North Paleo-Valley (NPV)

Although the North Paleo-Valley is the most ancient valley, its talweg
at 100 masl, is lower than the talweg of the SPV (130 masl). This implies
that the deflection process between the NPV and the SPV necessarily
follows an infilling phase of the NPV (Fig. 9).

Fluvial formations trapped on NPV bank (paleokarst and caves) are
continuous over a 115 m vertical range and are in primary position. This
setting cannot be interpreted as a part of the succession of Pleistocene
terraces, since they never exceed a thickness of 20 m in the area
(Labrousse, 1977). Thus, the deposit trapped in the Razal road paleokarst
is therefore not correlative with the NPV downcutting but might rather
correspond to the Ardéche infilling by aggradation. This suggests that
the downcutting of two successive valleys by the Ardéche is separated
by an important phase of infilling. This infilling would therefore have
provoked the aggradation epigenesis responsible for the shift of the
Ardéche from the NPV to the SPV.

The mechanism of aggradation epigenesis corresponds to a general
process of river rise that enables streams to be upraised above their
valley bottoms and even above their interfluves, resulting in the
subsequent change of their course. Baulig (1928) detailed this deflection
mechanism. Clauzon (Clauzon and Beaudoin, 1994; Clauzon et al., 1995;
Clauzon, 1996; Clauzon and Rubino, 2001; Clauzon et al., 2004) already
attributed this mechanism to the infilling of the Messinian canyons

Fig. 9. Reconstruction of the paleogeographic evolution of the Ardéche-Ibie confluence for the last 6 Ma. The main part of the Ardéche evolution occurs at the left side of the cross-

section, in a wide alluvial plain. Horizontal distances are not to scale.
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Fig. 10. Dynamics of the meander short-cut through the Plaine

during the Pliocene. More generally, this mechanism allows the quasi-
systematic identification of the fossil Messinian canyons that have been
totally infilled by the Pliocene fluvial processes.

Thus, the Ardéche abandoned its NPV first due to the infilling
process, and then underwent a lateral displacement towards the south.
During a second incision phase, the Ardéche downcut the SPV (Fig. 9).
The Ibie, which is an Ardéche tributary, must have flowed just above the
NPV at the end of the infilling process, before its exhumation during the
second downcutting phase.

The two deflections observed around Vallon-Pont-d'Arc allow us to
propose the interpretation that the MSC triggered the downcutting of
the NPV from the Pre-evaporitic abandonment surface (360 masl;
Martini, 2005) down to a depth of 100 masl. During the Pliocene, the
Ardéche Messinian canyon, which was under the control of the Rhone
aggradation, underwent the same infilling process as attested by the
presence of Ardéche alluvium trapped in the Razal road paleokarst and
caves. The aggradation reached 260 masl, the level of the Pliocene
abandonment surface around Vallon-Pont-d'Arc (Mocochain et al.,
2006a). Having left its Messinian canyon (the NPV), the Ardéche flowed
onto the Pliocene abandonment surface and migrated laterally by
avulsion towards the south. This lateral displacement resulted in a
second downcutting of the Ardeche (the SPV) during the Pleistocene,
while the Ibie River excavated the NPV (Messinian canyon of the Ardéche
River; Fig. 9).

5. Discussion: deflection impacts on the karst
5.1. Fluvio-karst genesis for the Plaine des Gras caves

The 190 masl cave level was connected to an ancient base level of the
Ardéche River (Fig. 7). This well-marked level, allied with the size of the

des Gras caves (aven means “shaft”). Vertical scale: m asl.

galleries, corresponds to a long period of base-level stability. The
Ardéche river brought allogenic fluvial material into swallow holes,
eventually filling the caves (Fig. 8). Furthermore, the distribution of the
caves on both left banks of the meander neck suggests the presence of an
underground short-cut through the Plaine des Gras area. The inlets of
this underground meander short-cut were in the NPV, whereas Chauvet
Cave, located in the meander of the Estre “cirque”, would have been the
outlet (Figs. 7 and 10).

This interpretation explains the presence of allogenic infilling that
characterizes the local caves, their location, and their dimensions (Ferrier
et al,, 2005; Mocochain et al., 2006a). Only a swallowing allogenic river
(Palmer, 2001), such as the Ardéche, could represent an erosional agent
capable of generating such large cave systems and subsequently of filling
them.

Their underground short-cuts could therefore not have been set up
during the Pleistocene (Mocochain et al., 2006a), because at this time the
Ardéche had already left the NPV after the aggradation epigenesis. A
major portion of the Vallon-Pont-d'Arc caves is characterized by typical
flooded morphologies, displaying widespread paragenetic features.
Considering the connection of these caves with the Ardéche valley,
these flooded features could potentially have been formed during river
flooding. However, these features are sometimes observed at consider-
able elevations of 120 m, largely exceeding the water height that the
Ardéeche can reach during a flood. The vertical distribution of these
features suggests a permanent flooding of the karst due to a base-level
rise: i.e. the Ardéche River aggradation. As a consequence, the caves of the
Plaine des Gras could have only been set up during the Pliocene when the
Ardéche River infilled its canyon. A Messinian age for the underground
short-cuts is unlikely, because during the MSC, caves developed vertically
according to the deepening of the base level and display torrential
features.
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The caves at 190 masl are underground meander short-cuts of the
Ardéche developed during a prolonged period of base-level stability.
This phase of relative stability corresponds to a break between two
aggradation phases. Such a condition only occurred during the Pliocene,
after infilling of the first part of the Ardéche NPV.

In several caves at 190 m elevation (Déroc and Louoi caves; Fig. 7), we
observed intensively corroded flowstones, covered with fine-clay and
more recent calcite. Similar observations were made both in the caves of
the Estre “cirque” (Delannoy et al., 2001b; Ferrier et al., 2005) and in those
located downstream of the Ardéche canyon (Mocochain et al., 2006b).
The calcite deposition occurred during a draining phase of the caves,
induced by a drop of the Ardéche River base-level. This draining phase
was followed by a second flooding phase that corroded the flowstones
and filled the caves with fine clay and alluvial material. Both draining and
flooding phases are incompatible with the Pleistocene period as stated
previously by Delannoy et al. (2001b). Consequently, they could only have
occurred during the Pliocene (Mocochain et al., 2006c).

The study of the benchmark levels of the Rhone valley enables us to
draw a curve for the evolution of the regional base level (Fig. 3).
Conversely, the smallest base-level oscillations have only been
recorded in the caves that can preserve the imprints of events that
usually left no traces on the surface. Studying the endokarst has
therefore yielded additional information to improve the regional base-
level evolution curve during the Pliocene aggradation cycle (Fig. 11).

5.2. Speleogenesis along the Ardéche canyon

Several caves along the Ardéche canyon correspond to short gallery
segments which are consequently difficult to access. However, their
study has revealed sedimentological and morphological characteristics
similar to those of the caves of the Vallon-Pont-d'Arc area. We have
drawn up an inventory of the caves based on three criteria representa-
tive of the underground meander short-cuts: a geographical positioning
of the caves compatible with an underground short-cut, the presence of
allogenic fluvial infilling, and the development of large underground
voids. This inventory was then compared with the base-level evolution
curve (Appendix 1; Fig. 11). It reveals a strong correlation between the
elevation of the cave levels and the elevation of the Ardéche stability
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phases. The speleogenetical stages that are best recorded are those
found: a) at 130 masl, downstream of the canyon (Saint-Marcel cave),
which is correlated with the Pliocene sea-level high-stand (Marine/non-
marine surface); b) at 190 masl in the upstream part of the canyon
(Déroc and Chauvet Caves, Plaine des Gras Aven), which are correlated
with the intermediate phase of the Pliocene valley filling; c) around
220 masl (Saint-Marcel cave, Neuf Gorges cave, etc.), which are
consistent with the Pliocene abandonment surface (Appendix 1;
Fig. 11); and d) at 330 masl, correlated with the Pre-evaporitic
abandonment surface (Bartade cave, Aigueze cave; Fig. 12).
Underground meander short-cuts are present everywhere in the
Ardéche canyon, from the Pre-evaporitic abandonment surface down to
the current Ardéche River level (Fig. 12). The correlation drawn between
the meander short-cut elevations and the base-level evolution shows
that the predominant speleogenetic process in Saint-Remeéze Plateau
stretches over a period of more than 4 Ma (between 6 and 2 Ma), and
preferentially during aggradation phases of the river (Fig. 11).

5.3. The karstic pediments around Vallon-Pont-d'Arc

Around Vallon-Pont-d'Arc, the fluvial Pliocene abandonment surface
extends into the S low gradient surface (Fig. 2). It is situated at the inlet of
the canyon on the right bank of the so-called ‘Egaux Plain’, and on the left
bank of the Plaine des Gras (Fig. 4). The size of the Plaine des Gras is not
very extensive (1.5 km?) and it ends with an important knick point
(Fig.13). The transversal profile of this low-gradient surface shows a gentle
slope. The slope and the direction of S3 surface result from processes along
slopes and not at the level of the alluvial plain; consequently, an abrasion
terrace made by river erosion or a lateral corrosion is unlikely. Its
transverse profile is characteristic of pediment. If pediments are usually
described in arid and semi-arid areas, such features are also frequent in
karst environment, especially in Southern France (Nicod, 1985). This
surface covers a large area along the edge of the left bank of the Ibie valley
such that the whole western edge of the plateau is affected (Fig. 2). This
morphological unit always shows the same transversal profile. The abrupt
slope of the Ibie valley is broken at its junction with the surface S; that has
a gentle slope. Ss is interrupted thereafter by a knick that marks the foot of
a particularly regular slope (Fig. 13).
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In the landscape, the pediment is connected to the Pliocene abandon-
ment surface. Thus, the abandonment surface was the base level of a
very active morphogenetic process that has reshaped both the eastern
and western slopes of the Saint-Reméze Plateau. Corrosion is the
principal geomorphic mechanism for the origin of this pediment
(Corbel, 1963; Nicod, 1985). Under present conditions, the infiltration
of water in the karst would prevent any relief morphogenesis; this is the
so-called principle of ‘karstic immunity’. The pediment development
along the edge of the Ibie valley (S3) was possible only because the cave
system disfunctioned, or was maybe blocked, at the end of the Pliocene
period following the aggradation of the Ardéche and Ibie.

The blocking of cave systems induced a reactivation of the
morphogenesis onto the surface. Furthermore, the development of the
pediments with pronounced impact on the landscape could only happen
during a prolonged period of stability. Such stability of the rivers at
higher elevation is undoubtedly the result of the extension of a graded
long profile resulting in river stability and the progressive cessation of
the aggradation.

Finally there is a zonal relationship between the pediments and the
uppermost stage of the cave systems. No pediment at all occurs in the
median segment of the Ardeche valley, however a cave level related to
the Pliocene abandonment surface is present (Appendix 1; Fig. 12).
Conversely, no cave system close to the Pliocene abandonment surface
could be found close to the pediment zones. Therefore, it seems that the

development of either of these two morphological features prevents the
other from developing. They simply correspond to opposite types of flow
which cannot act simultaneously, either at depth or on the surface.

6. Conclusion

The middle Rhone valley presents five attributes allowing us to
consider that the Saint-Reméze Plateau is a reference site for the
Mediterranean basin: (1) it is developed on a limestone substratum;
(2)itis close to the Mediterranean Sea; (3) it is downcut by the Messinian
canyon of the Rhone; (4) it is intensely karstified both on the surface and
at depth; and finally (5) the four benchmark levels of the MSC are
present on the edge of the Plateau.

Due to their morphology and the nature of their alluvial sediment, the
abandoned valleys of the Ardéche River around Vallon-Pont-d'Arc exhibit
diachronism in their incision that is related to the considerable Pliocene
infilling. In fact, the bottom of the Messinian canyon of the Ardéche has
been identified, thus revealing that the whole downcutting only occurred
during the MSC. Moreover, since the Saint-Remeéze surface where the
Ardéche canyon is downcut has been dated to 5.45 Ma (Martini, 2005),
and since the MSC ended at 5.32 Ma, we argue that the Ardéche canyon
downcutting occurred during a time span of only 100,000 years. The
chronology of the Messinian-Pliocene cycle events has been recon-
structed by the study of benchmark levels. Notably, the identification of
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the Ardéche Messinian canyon has enabled us to propose a new
interpretation for the mechanisms of speleogenesis. Large underground
meander short-cuts were formed in the Pliocene during the phases of
relative stability of the Ardéche River between two aggradation periods.
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The dynamics and amplitude of the river aggradation during the

Pliocene are responsible for the blocking of the endokarst. It

has favoured the restarting of surface morphogenesis by developing

karstic pediments that have reshaped the edges of the Saint-Remeéze

Plateau.

From a geodynamic and chronological point of view, the model we
present does not agree with previous interpretations that postulated a
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Cave Name of Alt. of Alt. of cave Correlation with a Morphological observation Sedimentary
meander entrance development bench mark level observation
cave or a recognized
Ardéche level
Bartade Cave Saint-Remeéze 360 360 Pre-evaporitic Dry flowpath with feature of the Allocthonous fluvial sand
plateau abandonment surface phreatic zone. and crystalline pebbles.
Aven d'Aigéze Cave Ribeyrol 380 350 Pre-evaporitic Dry flowpath with feature of the
abandonment surface phreatic zone.
Aven des Neuf Gorges La Flassade 320 240 Pliocene abandonment Dry flowpath with feature of the Allocthonous fluvial sand
Cave surface of Ardéche River phreatic zone.
Rochas-Midroi Caves Mal Bosc Plain 260 240 Pliocene abandonment Network formed by large flowpath Allocthonous fluvial sand,
(Rochas) surface of Ardéche River stepped with phreatic features. white sands and black
85 (Midroi) magnetic particles
Terrasse Cave La Maladrerie des 275 230 Pliocene abandonment Large dry flowpath with phreatic Allocthonous
Templiers surface of Ardéche River features. fluvial sand
Flowpath infilled by calcite deposit.
Baume d'Oullins Cave Combe Vieille 230 230 Pliocene abandonment Dry flowpath with feature of the Allocthonous fluvial sand
surface of Ardéche River phreatic zone. and crystalline pebbles.
Aven de la Rouviére La Rouviére 260 230 Pliocene abandonment Dry flowpath with feature of the Allocthonous fluvial sand
surface of Ardéche River phreatic zone.
Flowpath infilled by calcite deposit.
Saint-Marcel Cave 50/100/260 50/100/130/160/ 50: present position of Flowpaths network abandoned or actives Allocthonous fluvial sand
220 Ardéche River. 100: according to its elevation between the and crystalline pebbles.
Lower Pliocene stage. base level. Three underground short-cut
130: marine/no marine meanders: Boucle Active by Cadiére
surface. 220: Pliocene sinking stream (alt. 50); Boucle
abandonment surface Cristalline (alt. 130) and the Grande
Boucle (alt. 160 m).
Plaine des Gras Cave Gras Plain 255 190 Intermediate Pliocene Dry flowpath with feature of the Allocthonous fluvial sand
stade (fig. 9) phreatic zone.
Chauvet Cave Gras Plain 190 190 Intermediate Dry flowpath with feature of the Allocthonous fluvial sand
Pliocene stade phreatic zone.
Déroc Cave Gras Plain 190 190 Intermediate Dry flowpath with feature of the Crystalline pebbles.
Pliocene stade phreatic zone.
Madelaine Cave La Madeleine 230/190/ 170 Intermediate Pliocene Network formed by large flowpath White sands and black
145 stade (fig. 9) stepped with phreatic features. magnetic particles
Aven Isa Cave Mound of 141 120 No Dry flowpath with feature of the Crystalline pebbles
Montingrand phreatic zone.
Cayre-Crét Cave Cayre-Crét Rock 90 120 No Dry flowpath with feature of the Allocthonous fluvial sand
phreatic zone.
Copains d'Abord Cave Ribeyrol 100 100 Lower Pliocene Dry flowpaths with features of the Crystalline pebbles.
stage (Fig. 9) phreatic zone.
Huguenots Cave Cayre-Crét Rock 90 100 No Dry flowpath with feature of the
phreatic zone.
Ebbou Cave Pas de Mousse 80 80 No Dry flowpath with feature of the Allocthonous fluvial sand
phreatic zone.
Pont d'Arc Cave Moine Rock 70 70 Present position of Arch vast Alluvium of Ardéche River
Ardéche River
Templiers Cave La Maladrerie des 90 70 No Small dry flowpath with phreatic Allocthonous fluvial sand
Templiers features.
Parapluie Spring Mourre de la Tour 63 65 Present position of Flowpath periodically flooded by the Allocthonous fluvial sand
Ardéche River Ardéche river.
Dragonniére sinking Mourre de la Tour 65 60 Present position of Flooded flowpath.
stream Ardéche River
Sinking stream of Gaud Mal Bosc Plain 60 60 Present position of Flowpath periodically flooded by the
meander Ardéche River Ardéche river.
Guigonne-Richmale
Springs
Cadieére sinking stream- La Cadiére 48 (Cadiere) 50 Present position of Ardéche Flowpath periodically flooded by the

Saint-Marcel Cave-
Ecluse/Bateau Springs

46 (Ecluse/
Bateau)

River

Ardéche river. Active short-cut meander.
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