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Abstract: The Miocene of the Western Alpine foreland basin were deposited in a North-South 

seaway along the active alpine orogenic front. In the subalpine massifs and the southern Jura 

mountains, the revised Miocene stratigraphy documents a detailed chronology of thrust propagation at 

the western alpine front, where tectonic activity had a primary influence on seaway 

palaeogeographical evolution. Here we propose nine palaeogeographical maps during the Miocene, 

the first of which depicts the initial Miocene transgression at ~21.0 Ma. Between ~18.05 Ma and 

~12.0 Ma, a westward retreat of the Miocene Sea occurred in response to the activation of the basal 

thrust of the Belledonne massif, which in turn triggered successive fault zones from east to west. At 

~10.0 Ma, a major uplift phase intervened and induced a rapid southward retreat of the Miocene Sea. 

The reconstructed palaeogeographical maps outline the main controls on the foreland basin seaway 

evolution: (i) the timing of the main thrusts, (ii) the inherited palaeotopography and (iii) eustatic sea-

level changes during the Miocene. These reconstructions are integrated at the basin scale, highlighting 

the southward to westward-directed seaway migration in response to the Belledonne thrust activity 

that deeply shaped the palaeogeographical evolution during the early to middle Miocene. 
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Introduction 

The last few decades have seen a growing interest in ancient straits and seaways successions related to 

their oil and gas reservoir potential. The constricted morphology of straits and seaways favours the 

amplification of marine currents (Defant 1961; Pugh 1987), as well as a complex interplay of 

processes (i.e., oceanic-, tidal-, bottom-, turbiditic- and wind-induced currents; Berné et al. 1988; 

Ferret 2011; Olariu et al. 2012; Reynaud and Dalrymple 2012; Reynaud et al. 2012, 2013; Longhitano 

et al. 2014; Rossi et al. 2017; De Weger et al. 2020). The formation of seaways is controlled by 

tectonic activity, which primarily impacts accumulation rates (Catuneanu 2004, 2019), whereas the 

palaeogeographical evolution of the seaway triggers the opening and closure of the sills as a result of 
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both tectonic activity and sedimentary input. In order to improve models constraining the evolution of 

depositional conditions and sedimentary dynamics of tectonically-influenced seaways, this study 

focuses on the Miocene seaway of the Western Alpine foreland basin. Located between the orogenic 

wedge and the adjacent craton (Dickinson 1974; DeCelles and Giles 1996), foreland basins often 

correspond to elongated and narrow basins that favour the development of seaways in front of and 

along the rising chain (hundred(s) of km in scale; Dickinson 1974; DeCelles and Giles 1996). In such 

geological settings, the palaeogeography constantly evolves under the influence of the migrating 

orogenic wedge towards the foreland basin; therefore, they represent ideal natural laboratories for 

studying the impacts of tectonics on the development (and the morphology) of straits and seaways. 

The Western Alpine foreland basin results from the Alpine orogeny during the Cenozoic, and can be 

subdivided into three areas: (i) to the North, the North Alpine Foreland Basin (NAFB) borders the 

Central Alps between the Haute-Savoie region in France and Vienna in Austria, including the Swiss 

part of the basin also called the Swiss Molasse basin (SMB) (Fig. 1A); (ii) to the South, the Rhodano-

Provencal Molasse Basin (RPMB) is located between the Devoluy massif, the Castellane arc, the 

Basse Provence area and the Valreas basin. Between these two main areas, (iii) the French subalpine 

massifs, the Southern Jura, the Bas-Dauphiné basin and the Bresse basin constitute a complex 

amalgamation of several geological domains. During the Miocene, alpine tectonic events involved a 

complex paleogeographical evolution of the Miocene seaway. In the NAFB, the Miocene 

chronostratigraphy, palaeogeography and deformation history is well constrained and suggest an 

upper Aquitanian/lower Burdigalian initial marine transgression preceding an upper Burdigalian-

lower Langhian southward-directed sea retreat (Pfiffner 1986; Schlunegger et al. 1996; Kempf et al. 

1997; Kempf and Matter 1999; Strunck and Matter 2002; Berger et al. 2005; Kalin et al. 2009; 

Grunert et al. 2012; Jost et al. 2016; Pipper and Reichenbacher 2017; Sant et al. 2017; Garefalakis 

and Schlunegger 2019; Hülscher et al. 2019). The origin of the lower Miocene transgression is, 

however, still debated (Strunck and Matter 2002; Berger et al. 2005). To the south, in the RPMB, a 

high-resolution Miocene chronostratigraphy allowed detailed paleogeographical reconstructions 

showing an upper Aquitanian/lower Burdigalian first marine transgression to the east and an upper 

Tortonian southward-directed sea retreat (Rubino et al. 1990; Besson et al. 2005). In the literature, 

different models of the Miocene palaeogeographical evolution at the Western Alpine foreland basin 

scale have been proposed (Rubino et al. 1990; Sissingh 2001; Ford and Lickorish 2004). However, 

the lack of timing control in the hinge area between the SMB and the RPMB (the French subalpine 

massifs, the Southern Jura and adjacent basins) hinders the reconstruction of Miocene 

palaeogeography at high-temporal resolution, which directly hampers our understanding of the impact 

of tectonic activity on the Miocene seaway evolution (e.g., marine connexions, basins configuration). 

This paper aims at filling this gap by reappraising the impact of tectonic activity on the Miocene 

seaway palaeogeographical evolution of the Western Alpine foreland basin in focusing on the French 

subalpine massifs, southern Jura synclines and adjacent basins. For this purpose, a comprehensive 

palaeogeographical reconstruction of Miocene palaeoenvironments (over the course of the alpine 

deformation) is undertaken here, based on the synthesis of : (i) the Miocene depositional models as 

detailed in Kalifi et al. (2020) for the study area, (ii) a new eustatic-driven 3rd order sequence 

stratigraphy based on coupled biostratigraphical, magnetostratigraphical and chemostratigraphical 

dating applied on well-logs and sedimentological sections (Kalifi 2020, Kalifi et al. 2021) and (iii) an 

updated calendar of the alpine deformation relying on Kalifi et al. (2021). This complete dataset 

characterized by high-resolution timing controls is further used to highlight the tectonic control on the 

seaway paleogeographical evolution, including the evolution of marine connexions and marine 
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conditions, the localization of the main fluvial inputs (entry points), the impact of basin configuration 

and their evolution during the Miocene.  

Eventually, this study tackles long-lasting palaeogeographic issues between the Swiss Molasse Basin 

to the north and the Rhodano-Provencal Molasse basin to the south. Palaeogeographical 

reconstructions are finally compared at the scale of the Western Alpine foreland basin in order to 

highlight the impact of active tectonics on the Miocene seaway palaeogeographical evolution. 

Geological setting 

This study focuses on the Miocene succession of the Western Alpine foreland basin, which 

corresponds to the peripheral foreland basin of the Cenozoic Alpine orogeny (Fig. 1A). It includes (i) 

the French subalpine massifs (i.e., the Vercors, the Chartreuse and the Bauges massifs) and the 

southern Jura (Fig. 1B). In these areas, the Miocene deposits constitute the infill of piggy-back basins; 

(ii) the Bas-Dauphiné, the La Bresse and the Crest adjacent basins (Fig. 1B), where Miocene deposits 

represent the infill of the foreland basin and are poorly deformed. The study area is bordered to the 

east by the Belledonne massif (Fig. 1B, C), which is part of the External Crystalline Massifs, and to 

the west by the adjacent craton corresponding to the Massif Central (Fig. 1B). 

In the study area, the Miocene deposits derive from the second shallowing-upward cycle of the 

Western Alpine foreland basin overfilled phase (Mid-Oligocene to the Late Miocene; Sinclair and 

Allen, 1992; Ford and Lickorish, 2004; Ford et al. 2006). Before the first Miocene marine 

transgression (i.e., during the Oligocene and the lower Aquitanian), an extensional phase related to the 

"Oligocene Western European Rift" (OWER) occurred (Debelmas 1974; Curial 1986; Bergerat 1987; 

Ziegler 1988, 1990, 1994; Bergerat et al. 1990) whereas, to the east, the study area was already 

affected by the Alpine compression (Doudoux et al. 1982). Hence a complex palaeotopography was 

inherited from the Oligocene, as discussed later in this study. The Miocene succession was therefore 

deposited in a North-South narrow and shallow corridor along the active alpine orogenic front that 

connected the Paratethys in the north (actual Swiss Molasse basin) to the Mediterranean Sea (ex-

Tethys) in the south (Demarcq 1970; Bass 1991; Allen and Bass 1993; Fig. 1A). 

The Miocene stratigraphy of the study area is characterized by 11 eustatically-driven sedimentary 

sequences over the entire zone, between the upper Aquitanian (~21.0 Ma) and the Tortonian (~8.2 

Ma; Fig. 2A, B). These sequences were dated with a precision of ~0.5 Ma by using 87Sr/86Sr ages 

combined with biostratigraphical and magnetostratigraphical data (Kalifi 2020; Kalifi et al. 2021). 

The study area has been subdivided into 12 palaeogeographical zones (A to I, Figs. 1B and 2C), 

which were grouped into four palaeogeographical domains (based on a similar chronostratigraphy) 

(Fig. 2C). From east to west: 

(1) the « oriental domain » includes zone A (Rumilly-Chambéry synclines) and zone B 

(Lans-Proveyzieux synclines) (Figs. 1B and 2C). In this domain, the first Miocene marine 

transgression took place with the deposition of the S1a sequence and is dated to the late 

Aquitanian (~21.0 Ma). The youngest Miocene deposits that crop out today in this 

domain correspond to upper Burdigalian to lower Langhian sequences (S2a, S2b, S3); 

(2) the « median domain » includes zone C (Novalaise syncline), zone D (Voreppe syncline), 

and zone E (Rencurel-Méaudre synclines) (Figs. 1B and 2C). In this domain, the first 

Miocene marine transgression took place during the upper Burdigalian, coevally with the 

deposition of sequence S2a (~17.8 Ma); conversely, the latest deposits are Serravallian in 

age (sequence S5, and possibly S6); 
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(3) the « occidental domain » includes several zones in the Bas-Dauphiné basin: zone F 

(Bièvres region), zone G (Royans syncline), zone H (La Tour-du-Pin area), zone J 

(Bonnevaux plateau), zone K (Chambaran plateau) and zone L (Crest basin) (Figs. 1B 

and 2C). In this domain, the first Miocene marine transgression occurred during the 

deposition of S2a or S3. Upper Aquitanian and lower Burdigalian sequences (S1a and 

S1b) are absent, and upper Burdigalian sequences (S2a and S2b) are very discontinuous 

spatially (even sometimes absent). All the depositional sequences between the S3 

(starting at ~16.2 Ma) and the topmost continental S8 (dated to ~8.2 Ma) were established 

by combining subsurface data (well-logs) and outcrops;  

(4) the « La Bresse domain » only includes zone I (La Bresse basin) (Figs. 1B and 2C). The 

sedimentary infill is unique in this domain and consists of the upper Miocene marine 

sequences S6 and S7 (Serravallian – Tortonian; S6 [~12.0 to ~10.8 Ma] and the 

continental sequence S8 [~9.5 to ~8.2 Ma], Kalifi et al. 2021). Such a specific 

sedimentary infill is attributed to the inherited SW-NE “Vienne-Chamagnieu” palaeo-

high structure (Fig. 2C; Enay 1980; Gudefin et al. 1980; Demarcq et al. 1984) that 

isolated this part of the basin during the early to middle Miocene.  

In the subalpine massifs and southern Jura, the primary tectonic structures correspond to cover folds 

and thrusts, striking NNE-SSW and rooted in the Belledonne basement thrust (Fig. 1B, C). These 

structures accommodate the last WNW-ESE shortening phase of the Alpine collision wedge 

(Doudoux et al. 1982; Menard and Thouvenot 1987; Mugnier et al. 1990; Bellahsen et al. 2014;). 

Restored sections of the sedimentary cover in the Vercors and Chartreuse massifs document that 

horizontal shortening increases from the south (6 km) to the north (22 km) (Mugnier et al. 1987; 

Philippe et al. 1996, 1998; Bellahsen et al. 2014). The thrusts that juxtapose Mesozoic units over 

Miocene units correspond to the SAL fault, the GF fault, and five successive thrust faults zones (FZ1 

to FZ5 from east to west, Kalifi et al. 2021) resulting from the alpine compression, whose activity has 

been calibrated in time based on recently dated syntectonic deposits. Three major tectonic phases 

occurred between the middle Oligocene and the late Miocene (Fig. 2C, D). The phase P1 took place 

most probably between the upper Rupelian (~29 +/- 2 Ma) and the upper Burdigalian (18,05 +/- 0.25 

Ma), and triggered the onset of the FZ1 activity, as suggested by thick tectonically-driven 

accumulations of Oligo-lower Miocene sediments at the footwall of FZ1 (Kalifi et al. 2021). The 

phase P2 was induced by the activation of the Belledonne thrust initiated during the upper Burdigalian 

(18.05 +/- 0.25 Ma) and lasted at least until the Serravallian (S5 sequence; ~14.0 to ~12.0 Ma). This 

tectonic phase involved the rapid advance of the thrust front from east to west, between the SAL fault, 

the GF fault, and FZ2, FZ3, FZ4 and FZ5. The phase P3 started during the Tortonian (~10 Ma) 

coevally to the deposition of S7 and S8 sequences and is characterized by the onset of the Jura front 

and a regional uplift (Kalifi et al. 2021). 

Methods 

For the elaboration of palaeogeographical maps (between the upper Aquitanian and the Tortonian), 

this study mostly relies on the Miocene chronostratigraphy and tectonostratigraphy presented in Kalifi 

et al. (2021). Dating control is based on 87Sr/86Sr ages obtained in the basal (transgressive) deposits of 

depositional sequences, which coincide with eustatic sea-level rises (Kalifi et al. 2020, 2021), 

highlighting that the depositional sequences are mainly eustatically-driven (except for S8). Note that 

error bars for 87Sr/86Sr ages obtained within different palaeogeographical zones do not allow the 

identification of diachronous transgressions. Therefore, we assume that each transgression occurred 

sub-synchronously at the scale of the study area, and the age of the eustatic sea-level rise (for each 
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period) is used as the age of the transgression and of the depositional sequence at the basin scale. 

Depositional sequences were identified based on the evolution of facies associations and the main 

stratigraphical surfaces (Embry 1993, 1995), as detailed in Kalifi et al. (2020, 2021). Depositional 

sequences were further cross-checked using Posamentier and Allen (1999)’s methodology on 

spontaneous potential and gamma-ray logs data from 28 well-logs located in the Bas-Dauphiné basin 

(Kalifi 2020; Kalifi et al., 2021). The maximum flooding deposits of the depositional sequences 

allowed the definition of nine palaeogeographic maps, at the regional scale. The palaeogeographical 

environments were interpreted based on the facies model presented in Kalifi et al. (2020). In the 

subalpine massifs and southern Jura area, which were affected by shortening during the Miocene, the 

initial width of the seaway was estimated by using the horizontal shortening values proposed by 

Philippe et al. (1996, 1998) and Bellahsen et al. (2014).  

The large-scale geometries and the inherent spatial distribution of sedimentary facies in the stacked 

Gilbert deltas of the steep Pont-Demay cliffs were studied by deploying a drone (DJI Phantom 4 

advanced). Based on overlapping georeferenced aerial photographs, a 3D model was built using the 

Agisoft software, and was then interpreted using the VRGS (Virtual Reality Geological Studio) digital 

outcrop modelling software. 

Five strontium (Sr) isotope dating (i.e., chemostratigraphy) was newly performed in the Valréas basin 

in order to better constrain the lower Miocene palaeogeographical reconstructions at the scale of the 

western alpine foreland basin. Sr isotope ratios were measured on marine carbonate skeletons (oysters 

and pectens) at the CRPG (Centre de Recherches Pétrographiques et Géochimiques) in Nancy, 

France. A thorough inspection of shells was preliminarily conducted using stable isotope ratios (δ13C 

and δ18O) to evaluate possible diagenetic disturbance (Hudson 1975, 1977; Nelson and Smith 1996). 

Corresponding ages are derived from measured 87Sr/86Sr ratio using the LOWESS non-parametric 

regression curve of McArthur et al. (2012); see Kalifi et al. (2020, 2021) for more details. 

Results and Interpretations 

In this section, the Miocene palaeogeographical evolution of the study area is reconstructed for 

sedimentary sequences S1 to S8, as dated in Kalifi et al. (2021). The palaeolandscape invaded during 

the marine transgression is likely to influence the morphology of the seaway, which in turn directly 

impacts the hydrodynamic processes acting during the deposition of sediments (Belknap and Kraft 

1985; Malikides et al. 1988; Frouin et al. 2007; Longhitano 2013). Therefore, it is crucial to constrain 

as much as possible the palaeotopography on which the initial Miocene marine transgression took 

place before undertaking detailed palaeogeographic maps of the Miocene seaway. 

Palaeogeographic reconstructions of the study area 

The Oligocene to lower Aquitanian – The inherited palaeotopography before the Miocene 

transgression 

The Miocene deposits generally lie disconformably on the thick Mesozoic substratum, or conformably 

on Oligocene continental deposits (Gidon et al 1978; Bass 1991; Butler 1992; Allen and Bass 1993; 

Kalifi et al 2020). An isopach map of Oligocene deposits highlighting the location of ante-Miocene 

palaeo-highs (Fig. 3) was constructed based on well-logs data (from the BRGM, “Bureau de 

recherches géologiques et minières”), seismic profiles (Kalifi et al. 2021) and surface data from 

geological maps (BRGM). In our study area, Oligocene sedimentary deposits are characterized by 

clayey-marly sediments intertwined with lacustrine limestones (Latreille 1969). The boundary 

between the eastern border of the Massif Central and the Bas-Dauphiné basin corresponds to a half-
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graben characterized by an eastward-dipping normal fault, as suggested by profile 82SE01 (Mascle et 

al. 1996; Kalifi et al. 2021), with Oligocene strata thickening and diverging towards the fault (Fig. 3). 

Along the western border of the Bas-Dauphiné basin, GVA-1 well-log data indicate 1755 m of 

Oligocene deposits in the hangingwall of the Massic Central normal fault (Fig. 3). In turn, the CL-1 

well reports Eocene deposits resting directly upon the basement, and subsequently overlain by 923m 

of Oligocene sediments. This suggests that the normal fault was active during the Oligocene and 

involved the initiation of a depocenter that developed sub-parallel to the normal fault (Fig. 3). This 

tectonic activity is consistent with the Oligocene extensional phase related to the "Oligocene Western 

European Rift" (OWER) as described at the European scale (Debelmas 1974; Hirn 1980; Curial 1986; 

Bergerat 1987; Ziegler 1988, 1990, 1994; Bergerat et al. 1990; Sissingh 2003; Prodehl and Haak 

2006).  

On the eastern border of the Bas-Dauphiné basin, another Oligocene depocenter extends between the 

Isère valley to the north, and the Royans syncline to the south (Fig. 3). The 91VER-1 profile 

highlights an inverted eastward-dipping normal fault (Kalifi et al. 2021) located eastwards from the 

BR-1 and BRF-1 wells. To the east of this fault, thin Oligocene deposits were recorded (VAF-1 and 

VAF-2 wells). In contrast, to the west of this fault, the absence of Oligocene deposits in the BR-1, 

BRF-1, CHF-1, BI-1, BIF-1, PA-1 wells suggests the presence of a topographical high already present 

during the Oligocene, which corresponds to the Montmiral-high (ML Palaeohigh, Fig. 3). Thus, 

during the Oligocene, the ML Palaeohigh was bordered to the east by a normal fault. This is 

consistent with the occurrence of coarse Oligocene deposits in the LTPF-1 well to the north (coarse 

pebbled sandstones) and the MO-3 wells in the south (reworked brecciated limestones), thus 

suggesting the proximity of a palaeorelief. To the north of the ML Palaeohigh, the Ile Cremieu also 

constituted a palaeo-high (IC Palaeohigh, Fig. 3). It was not flooded at least before the Serravallian, as 

suggested by karsts filled by siderolithic clays rich in mammal remains (see points H10 to H13 on 

Fig. 1B) dated between the Burdigalian and the Serravallian (Guérin and Mein 1971; Maridet et al. 

2000; Maridet 2002, 2003; Mein and Ginsburg 2002; Costeur 2005).  

Along the western border of the Royans syncline (Fig. 3), the Oligocene infill is controlled by 

eastward-dipping normal faults visible on the 82SE01 profile (Kalifi et al. 2021), as exhibited by a net 

decrease in the thickness of Oligocene deposits to the west (Fig. 3). This implies that the western 

border of the Royans syncline (Monts-du-Matin mountain) was most likely a palaeo-high (MM 

Palaeohigh, Fig. 3) during the Oligocene, but not much earlier than the Oligocene. This hypothesis is 

supported by the presence of kaolinite (originating from the alteration of the Massif Central granites 

(Dasarthi 1965) in the fluvial Eocene sedimentation of the Royans syncline, which involves the 

absence of the MM Palaeohigh during the Eocene. During the Miocene subalpine compression (Fig. 

2), the Royans area was folded into a syncline at the footwall of FZ3 (Fig. 1B), which then 

corresponded to the western border of the Vercors massif (Kalifi et al. 2021). In the hangingwall of 

FZ3, the thickness of Oligocene sediments drastically decreases compared to the footwall of FZ3 and 

suggests, therefore, the highest topography to the east. Most probably, this topographic high likely 

resulted from the westward-dipping normal faults located on the hanging wall of FZ3 (Kalifi et al. 

2021). Such a configuration implies that the Royans was most probably an ancient graben striking 

~N-S (Fig. 3) likely formed during the Oligocene extensional phase (OWER). The Royans syncline 

was bordered by the MM Palaeohigh to the west, and the western border of the Vercors massif to the 

east, which also constituted a palaeohigh. 

The evidence for a complex Oligocene palaeotopography not only concerns the Vercors massif, but 

also the western border of the sub-alpine massifs (Vercors, Chartreuse) and the eastern border of the 

southern Jura (Fig. 3), which are characterized by a total absence of Oligocene deposits. Furthermore, 
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the presence of East-West palaeovalleys on subcrop maps of the Miocene basal unconformity (Kalifi 

et al. 2020), as well as the occurrence of continental breccias on the western side of the Chartreuse 

massifs (Fig. 3), indicate that the entire western border of the sub-alpine massifs probably 

corresponded to a palaeohigh structure designed here as the Western Subalpine massif Palaeohigh 

(WSM Palaeohigh). The WSM Palaeohigh could then correspond to an ancient Oligocene horst, or 

even a rift shoulder.  

To the east of the WSM Palaeohigh, between Chambéry and Annecy, Oligocene deposits are 

characterized by a gradual but rapid eastward-directed thickening-up trend (Fig. 3), as suggested from 

seismic profiles (88SV01, 88SV02-HR528, 88SV03). Along the WSM Palaeohigh, Oligocene 

sediments (i.e., alluvial fan deposits) are characterized by 0-20 m of clast-supported conglomerates 

showing eastward-directed palaeo-currents. To the east, Oligocene successions evolve to lacustrine or 

fine-grained alluvial-plain deposits, which progressively reach thicknesses > 1500m at the footwall of 

FZ1 (SV101, SV105, CHY1). This depocenter is most probably controlled by flexural subsidence at 

the footwall of the active FZ1 between 29 +/- 2 Ma and 18.05 +/- 0.25 Ma (Kalifi et al. 2021). 

The upper Aquitanian to lower Burdigalian (S1a to S1b) – Tectonic loading induced by the FZ1 

The upper Aquitanian to lower Burdigalian deposits characterize the advent of Miocene marine 

depositional environments and was only identified in the oriental domain (red points on Fig. 4) with 

two depositional sequences: S1a and S1b. Since marine deposits were confined between FZ1 to the 

east and the WSMPaleohigh to the west during the deposition of those two sequences, the basin is 

influenced by flexural tectonics induced by the activity of FZ1 (Fig. 2C, D). 

The S1a sequence: 21.0 to 20.6 Ma. In the Rumilly-Chambéry synclines (zone A) of the oriental 

domain (Figs. 1B and 2C), the S1a transgression was dated at 21.28 +/- 0.32 Ma (Kalifi et al. 2021), 

which fits well with the T-2a eustatic transgression dated at ~21.0 Ma (Fig. 2B). The transgression 

occurred progressively at the top of the underlying lower Aquitanian continental deposits, which are 

interstratified with 1-5m thick marine sands (Bersier 1936, 1938; Bass 1991; Kalifi et al. 2021). This 

gradual transgression is consistent with the prevalence of a shallow marine environment during S1a, 

in line with the +10m sea-level rise characteristic of the T-2a eustatic transgression (Fig. 2B). 

Along the western coast of the initial marine seaway, S1a starts with a 5 m (see points 1, 5b, 15 on 

Fig. 4) to 50 m thick (see point A6 on Fig. 4) bioclastic conglomeratic level. East- to north-east-

directed palaeo-currents (see points 1, 5b, 15 on Fig. 4) highlight fluvial inputs from the WSM 

Palaeohigh, most probably through E-W incised valleys (Fig. 4, Kalifi et al. 2020). Except for this 

basal bioclastic conglomerate level along the western coast, the S1a is mainly represented by intertidal 

sandy deposits, which are locally interstratified with subtidal channels interpreted as being developed 

during the maximum flooding deposits (MF) of the S1a sequence (see point 1 on Fig. 4).  

Further west, in the occidental domain (green points on Fig. 4), no S1a (and S1b) marine deposits 

were observed (Fig. 4). However, Latreille (1969) reported the presence of a specific unit covering the 

Bas-Dauphiné basin and stratigraphically located between the continental Oligocene deposits and the 

first Miocene marine deposits (upper Burdigalian, Kalifi et al. 2021), which could therefore 

correspond to the Aquitanian (S1a) or lower Burdigalian (S1b) deposits. This unit marks the sudden 

appearance of a petrographic composition of internal alpine origin (Latreille 1969) and the appearance 

of brackish molluscs and a lagoonal sedimentation in the Royans syncline (Giot 1943; see points 32, 

34, 35 on Fig. 4). These two elements therefore suggest connexions with the seaway corresponding to 

S1a or S1b deposits to the east of the WSM Palaeohigh, in the oriental domain (Fig. 4). A marine 
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connexion with the Rhône valley to the south, through the Crest basin (Fig. 1B) is however excluded 

as no marine or lagoonal sediments during the S1a and S1b sequences were recorded in this basin 

(Depéret 1895; Demarcq et al. 1989; Kalifi et al. 2021). 

The S1b (+S1c?) sequence: 20.6 to 17.8 Ma. The S1b transgression was dated at 20.4 +/- 0.35 Ma 

(Kalifi et al. 2021) in the Rumilly-Chambéry synclines of the oriental domain (zone A, Figs. 1B, 2C 

and 4), and matches with the T-2b eustatic transgression starting at ~20.6 Ma (Fig. 2B). The S1b is 

characterized by more distal marine deposits than S1a deposits, which is in accordance with the +25m 

sea-level rise of the T-2b (Fig. 2B). To the south, in zone B (Figs. 1B, 2C and 4), the S1b 

transgression was dated at 19.48 +/-0.63 Ma and coinciding well with the T-3a eustatic transgression 

(Fig. 2B). However, the absence of both S1a and the base of the S1b in zone B cannot be assessed as 

the basal Miocene deposits do not outcrop well there (5 to 10 m of observation gap). 

Along the WSM Palaeohigh, in the north, S1b transgressive deposits are characterized by bioclastic 

conglomerates (see points 15, 5b on Fig. 4). A similar palaeogeographical configuration of eastward-

directed fluvial inputs likely occurred in the WSM Palaeohigh, with alluvial fan deposits continuously 

accumulating over S1a and S1b. This is in line with the petrographic composition of clasts, initially 

dominated by upper Cretaceous sources but evolving upwards to the prevalence of lower Cretaceous 

limestones (Lamiraux 1977; see point A6 on Fig. 4). This evolution indicates a progressive erosion of 

the local relief (i.e., the WSM Palaeohigh), from younger to older sedimentary successions, which 

suggests a long-lasting exposure of the substratum (S1a and S1b). To the east, in a more distal 

position, distal marine deposits occurred with typical subtidal depositional environments (FA8 sensu 

Kalifi et al. 2020) characterized by tidal dunes showing palaeo-currents along a N-S seaway (see 

point 4 on Fig. 4). To the south, wave-dominated depositional environments are found (see points 7, 

8, 10 on Fig. 4) indicating a generally mixed wave-tide transgression (Kalifi et al. 2020). The deepest 

environments are reached during the maximum flooding and correspond to open-coast subtidal 

depositional environments (FA6 sensu Kalifi et al. 2020). Sandstones are coarse-grained, glauconite-

rich and contain rare exotic clasts (e.g., radiolarites, jaspers, granites) indicating a pervasive source 

from the exhumed internal Alpine areas to the east.  

As described later in this study, a 3rd lower Burdigalian depositional sequence (S1c, ~19.0 to 17.8 Ma, 

Fig. 2A) was recognized in the Rhodano-Provencal molasse basin to the south (Fig. 1A). In the study 

area, poorly outcropping S1b (regressive) deposits prevent, however, accurate sequence 

stratigraphical interpretations, but do not exclude the presence of the S1c sequence. 

The upper Burdigalian (S2a and S2b) – Onset of the Belledonne basal thrust 

The upper Burdigalian deposits were observed and dated in the oriental domain (red points on Fig. 5), 

the median domain (blue points on Fig. 5) and in the eastern part of the occidental domain (zones F, 

G, K and L, Figs. 1 and 2C; green points on Fig. 5). These deposits are characterized by two 

depositional sequences: S2a and S2b.  

The S2a sequence: 17.8 to 17.4 Ma. The S2a transgression occurred at 18.05 +/- 0.35 Ma, 17.95 +/- 

0.2 Ma, 18.05 +/- 0.2 Ma, for zones A, C and E, respectively (Figs. 1B and 2C; Kalifi et al. 2021) and 

coincides with the T-4 eustatic transgression starting at ~17.8 Ma (Fig. 2B). S2a deposits also date the 

activation of the Belledonne basal thrust, which propagated to the surface through the SAL fault (Fig. 

2D). The S2a depocenter was located near the longitude of the section n°4, where a ~740 m-thick 

succession (vs ~150 m at the section n°13 to the west) is found at the footwall of the SAL fault (Fig. 

5A). A seismite of regional extension (zone A; Figs. 1B and 2C) reported within the transgressive 
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deposits of S2a, further supports a significant tectonic activity at that time (Kalifi et al. 2021). This 

may explain why the WSM Palaeohigh was flooded at that time, although the +30m sea-level rise of 

T-4 might have amplified the phenomenon (Fig. 2B).  

Along the WSM Palaeohigh (~median domain; blue points, Fig. 5A), the onset of S2a is characterized 

by transgressive deposits (5-20 m thick) consisting of calcarenites rich in Pecten Praescabriusculus, 

bryozoans and corals. Transgressive deposits are overlain by thick silty-clay sediments typical of 

distal environments (offshore transition [FA2] to offshore [FA1] sensu Kalifi et al. 2020) 

corresponding to the S2a maximum flooding deposits. In the Vercors massif, these deposits are 1-2 m 

thick (see points 24, 25, E1, E2 on Fig. 5A), suggesting that the southern WSM Palaeohigh was 

topographically higher there. To the north-east of the WSM Palaeohigh, in the Rumilly-Chambéry 

synclines of the oriental domain (red points, Fig. 5A), transgressive deposits exhibit an additional unit 

between the basal P. Praescabriusculus-rich calcarenites and the S2a maximum flooding deposits, 

which is made of ~240 m-thick marine proximal deposits (open-coast intertidal [FA6] sensu Kalifi et 

al. 2020). Maximum flooding deposits consist of open-coast subtidal deposits with interstratified 

large-scale tidal dunes and open-coast intertidal deposits (respectively FA5, FA7, FA6 sensu Kalifi et 

al. 2020), suggesting that no definite offshore environments existed there at that time (sections n°4 

and 5, Kalifi et al. 2020). The difference in S2a successions between the oriental and median domains 

likely resulted from the influence of the WSM Palaeohigh, on which less accommodation space was 

created. In the Isere valley, proximal sedimentation took place in zone B (see points B3, 9, 10 on Fig. 

5A) with a conglomeratic unit that outlines the onset of the "Voreppe palaeo-delta" (sensu Bocquet 

1966; Latreille 1969). 

To the west of the WSM Palaeohigh and to the east of the IC Palaeohigh and ML Palaeohigh, in the 

Bas-Dauphiné basin (~occidental domain), the S2a maximum flooding deposits were identified in 

well-logs (VAF1, VAF2, MO2, SLF1, SL1; Fig. 5A). In this area, S2a sequence is characterized by 

clayey-marl deposits (~ the base of the regional unit called “St-Lattier" marls), therefore suggesting 

most probably distal depositional conditions. To the west of the IC Palaeohigh and ML Palaeohigh, no 

S2a (as well as the S2b) deposits were observed, implying that these palaeohighs corresponded to the 

western coast of the upper Burdigalian sea (Fig. 5). To the north of the Crest Basin, S2a disappears by 

onlapping directly on the north-western border of the MM Palaeohigh (Demarcq 1959; Jeannolin 

1985). More to the north, the Royans syncline is also characterized by the absence of S2a. This 

suggests that, during S2a sequence, the MM Palaeohigh likely implied a bifurcation of the sea, and/or 

forced the sea to be confined between the MM Palaeohigh and the Massif Central (as proposed in Fig. 

5A).  

The S2b sequence: 17.4 to 16.2 Ma. The S2b transgression occurred at 17.20 +/- 0.15 Ma, 17.45 +/- 

0.4 Ma, 17.28 +/- 0.47 Ma, 17.3 +/- 0.4 Ma, 17.48 +/- 0.23 Ma and 17.52 +/- 0.22 Ma for zones A, C, 

D, E, G, and L, respectively (Figs. 1B and 2C; Kalifi et al. 2021), that coincides well with T-5 eustatic 

transgression starting at ~17.4 Ma (Fig. 2B). S2b sequence records the ongoing propagation of the 

Belledonne basal thrust with the onset of the Gros Foug (GF) fault (Fig. 5B). In the hangingwall of 

the GF fault (Grésy-sur-Aix section, point 4 on Fig. 5B), an angular unconformity was observed at the 

top of S2a deposits and was dated at chron C5Dn (17.35 +/- 0.15 Ma, Kalifi et al. 2021). 

Subsequently, the S2b depocenter was recorded at the footwall of the GF fault in the Forezan section 

(see point 5 on Fig. 5B) suggesting a westward migration of the depocenter after the deposition of 

S2a. This is supported by thick maximum flooding deposits of S2b along the Chambéry syncline (i.e., 

50 m-thick in section 5, contrasting with only 5 m thick to the east in section 4, Kalifi et al. 2020; Fig. 

5B for localization). This is also in accordance with the first occurrences of decimeters thick 

interstratified conglomeratic levels within the S2b regressive deposits of section 5 (Fig. 5B) and the 
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sandy-dominated river-to-tidal deposits recorded in section 3 (Fig. 5B), arguing for a tectonically-

controlled progradation of proximal deposits. To the south, in the Lans-Provezyieux syncline (see 

points 9, 10 on Fig. 5B), the "Voreppe palaeo-delta" (sensu Latreille 1969) was still active. 

To the west, on the WSM Palaeohigh (~median domain; blue points on Fig. 5B), the S2b succession 

is dominated by sandy deposits of proximal marine environments. Transgressive deposits start with 

thin sandy limestones (0.5-5 m), still rich in P. Praescabriusculus, or by subtidal dunes showing 

~NNE-SSW seaway-axis palaeo-currents (see point 20 on Fig. 5B). Those transgressive sediments are 

overlain by thin distal marine deposits, and this may still be linked with the influence of the WSM 

Palaeohigh. In the Bas-Dauphiné, the S2b seaway is bordered to the west by the MLP alaeohigh and 

the IC Palaeohigh. To the south, the Royans syncline and the Crest basin are then totally flooded. In 

the south of the Royans syncline (see point 35 on Fig. 5B), transgressive deposits of the S2b exhibit P. 

Praescabriusculus-rich calcarenites (0.5-5m), whereas 4km to the north of the Royans syncline, those 

deposits evolve towards P. Praescabriusculus-rich sandy subtidal dunes (see point 34 on Fig. 5B) and 

azoic sandy subtidal dunes (see point 32 on Fig. 5B). In the Royans syncline, the substratum on which 

the transgression occurred therefore evolves from south to north between upper Cretaceous limestones 

and fluvial sands of Oligocene age, respectively, and suggest that Miocene calcarenites facies mainly 

developed on a rocky substratum. This also explains why S2b deposits are characterized by fine-

grained deposits only (“St-Lattier” marls) in the VAF1, VAF2, SLF1, SL1, SL2, SLF2, SLF3 and 

MO2 well-log data, as S2b deposits overlie either S2a or Oligocene fine-grained deposits. Similary, 

the “St-Lattier” marls unit that outcrops in the Royans syncline (see points 32, 34, 35 on Fig. 5B) 

consists of offshore, to offshore transition, depositional environments characterized by very fine-

grained sandy to marly deposits (FA1, FA2, sensu Kalifi et al. 2020). Regressive deposits are 

characterized by open-coast subtidal to intertidal sandy deposits (FA5 to FA6, sensu Kalifi et al. 

2020) suggestive of a deltaic progradation. To the west in BMT-1, MO-1, MO-3, PA-1 well-logs, S2b 

is mainly represented by sands, which were likely deposited in a deltaic environment (Fig. 5B) and 

implied the influence of fluvial inputs from the nearby exhumed terranes. Therefore, in the occidental 

domain, the location of the western Miocene coast during S2b was located close to the Massif Central 

in the south, and likely coincided with the ML Palaeohigh and IC Palaeohigh in the north. 

The Langhian (S3 and S4) – Onsets of FZ3 and FZ4  

The Langhian deposits are characterized by two depositional sequences: S3 and S4. During the 

deposition of these sequences, the oriental domain located to the east of the FZ2 was probably 

uplifting (Fig. 6), since no S4 deposits were observed in this area.  

The S3 sequence: 16.2 to 15.0 Ma. The S3 transgression occurred at 16.3 +/- 0.3 Ma, 16.15 +/- 0.4 

Ma, 16.5 +/- 0.25 Ma, 16.2 +/- 0.45 Ma and 16.7 +/- 0.25 Ma for zones A, C, E, G, and L, 

respectively (Figs. 1B and 2C; Kalifi et al. 2021), which matches the +35m T-6 eustatic transgression 

starting at ~16.2 Ma (Fig. 2B). The S3 sequence recorded the ongoing activity of FZ2 and thus, the 

continuous advance of the Belledonne basal thrust, as suggested by an abnormally thick S3 sequence 

at the footwall of FZ2 (Fig. 6A). The onset of FZ3 is, however, not so well constrained, but probably 

occurred during the deposition of S3 sequence (Kalifi et al. 2021). 

During the S3 transgressive tract, the oriental domain recorded proximal deltaic deposits belonging to 

the river-to-tide transition zone (see points A4, 4, A8, A9, 5 on Fig. 6A). Conglomeratic levels 

indicate westward-directed palaeo-currents ("Chamoux conglomerate" unit, sensu Lamiraux 1977). 

The end of the conglomeratic succession does not outcrop. Directly to the west, above the WSM 

Palaeohigh in the median domain, the S3 deposits have embedded a different signature compared to 
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those from the oriental domain and are even distinct between the three zones constituting the median 

domain itself. To the north, in the Novalaise syncline, S3 sediments are characterized by thin 

transgressive deposits (5 to 20m) made of subtidal channels (see point 13 on Fig. 6A) and dunes, or 

by decimeters thick oyster-rich bioclastic limestones. This unit is then overlain by thick distal marine 

deposits (i.e. ~200m, section 13, Fig. 6A) corresponding to the S3 maximum flooding deposits (see 

points C4, 13, C6, 27, C9 on Fig. 6A). The lateral facies transition between distal marine sediments to 

the west (median domain) and proximal deltaic to the east (oriental domain) reflects the tectonically-

driven uplift of the oriental domain (Fig. 6A) to the east of FZ2. This also indicates that the western 

part of the WSM Palaeohigh now corresponded to a highly subsiding area during the deposition of S3, 

as thick accumulations were recorded there. In the second zone constituting the median domain, to the 

north, in the La Pesse syncline (see point C1 on Fig. 6A), the sedimentary succession is different 

above the basal (oyster-rich) bioclastic transgressive deposits of S3. The latter deposits are overlain by 

67m-thick “Coîtes conglomerates” (sensu Charollais et al. 2006; see point C1 on Fig. 6A) that consist 

of stacked units of tidal-influenced coarse-grained sandstones rich in sub-rounded and bioperforated 

micro-conglomerates (mainly local in origin) and marine fauna (bioclasts). Those ~30m-thick 

normally-graded sandstone beds likely reflect the infill of subtidal channels (FA7 sensu Kalifi et al. 

2020). This unit is overlain by ~30m of tidal-influenced silty clay deposits. Despite the richness in 

palynomorphs, reworked nannofossils and the scarceness in foraminifera (Charollais et al. 2006) all 

suggesting proximal marine environments, the overlying deposits most probably correspond to the 

maximum flooding deposits of S3. These sediments are subsequently overlain by lacustrine 

limestones, but the continuity with the underlying sediments does not outcrop well, rendering their 

dating difficult. In the La Pesse syncline (see point C1 on Fig. 6A), S3 is characterized by more 

marine proximal deposits (compared to the southern part of the Novalaise syncline, see points C4, 13, 

C6, C9 on Fig. 6A) likely capped by lacustrine deposits that highlight the subaerial exposure at the top 

of S3. These lateral facies variations therefore suggest that, during the deposition of S3, the eastern 

part of the Jura was experiencing a progressive subaerial exposure, in response to the FZ2 activity. 

This is consistent with the lower to upper Langhian southward sea retreat described in the Swiss 

Molasse basin, in the north of the study area (Garefalakis and Schlunegger 2019). 

In the third zone constituting the median domain, close to the Isere valley in the Voreppe syncline 

(see points 20, 21, 22 on Fig. 6A), transgressive sediments are 5-10 m thick. There, maximum 

flooding deposits are characterized by 2 to 5m-thick fine-grained open-coast-subtidal deposits, which 

are overlain by ~20m of open-coast intertidal deposits finally capped by conglomerates deposited in 

river-dominated environments (respectively FA5, FA6 and FA10 sensu Kalifi et al. 2020). The 

conglomerates correspond to braided-river deposits feeding a delta, as marine influences are attested 

by the occurrence of rare bioperforated pebbles. To the south, in the Rencurel syncline (see points 24, 

25 on Fig. 6A), transgressive and maximum flooding deposits are characterized by coarse-grained 

calcarenites overlain by conglomeratic levels typical of a braided river in a deltaic position. These 

conglomeratic units of the S3 regression near the Isere valley constitute the fossil record of the 

Voreppe palaeo-delta (see points 20, 21, 22, 23; 24, 25 on Fig. 6A).  

To the west, in the occidental domain (green points on Fig. 6A), the Bas-Dauphiné basin was flooded. 

In the Royans syncline and the Crest Basin, transgressive deposits exhibit 5-10 m thick oyster-rich 

bioclastic calcarenites (see points L4, 35, 34 on Fig. 6A). To the north of the Royans syncline (see 

point 32 on Fig. 6A), this facies evolves into large-scale sandy-dominated subtidal dunes (FA7 sensu 

Kalifi et al. 2020). Again, this particularity is induced by the presence of the rocky MM Palaeohigh 

southwards, but now flooded, which favored the local development of calcarenitic sediments. Above 

it, maximum flooding deposits of S3 are represented by marly- to sandy sediments typical of offshore 
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and open-coast subtidal environments (FA1 and FA5 sensu Kalifi et al. 2020) in the occidental 

domain, except in the TE-1 and BEF-1 wells (Fig. 6A). In those wells, S3 deposits are represented by 

coarse sandy deposits exhibiting interstratifications with thin layers of pebble-conglomerate, thus 

suggesting a proximal source likely from the Massif Central. In the CL-1, LTP-F1, DP-108, GVA-1 

and BMT-1 wells (Fig. 6A), the marly deposits gradually pass to sandstones at the top of S3, thereby 

arguing for a deltaic progradation as well as proximity to the coast.  

The S4 sequence: 15.0 to 14.0 Ma. The S4 transgression occurred at 15.07 +/- 0.42 Ma and 15.1 +/- 

0.35 Ma for zones F and G, respectively (Figs. 1B and 2C; Kalifi et al. 2021), which matches the +15 

m T-7 eustatic transgression starting at ~15.0 Ma (Fig. 2B). The westward migration of the 

depocenter proceeded with, as a result, a depocenter now located at the footwall of FZ4, as inferred 

from growth strata relationships (Kalifi et al. 2021). This is further confirmed by the westward 

migration of the most distal marine deposits of S4, now located to the west of the ML Palaeohigh 

(Fig. 6B), which consist of clay-dominated sediments in the FA-1, BEF-1, TE1, DP.108, MO1, MO2 

and MO3 wells (Fig. 6B). Adjacent to those fine sediments, sandy deposits are far more frequent and 

suggest deltaic shallower marine environments. 

In the oriental domain, to the east of FZ2 (Fig. 6B), no S4 deposits were found, thus implying that the 

area was totally uplifted at that time, and that sediments were bypassing towards the subsiding areas 

westwards. This is further in accordance with the presence of coarse-grained deltaic sediments along 

the median domain (blue points on Fig. 6B). In the northern part of this domain, mixed river-to-tide 

sandy-dominated deposits (with interstratification of conglomerates) are recorded (see points 13, C5, 

C6, C7, C10 on Fig. 6B). Conversely, in the La Pesse syncline (see point C1 on Fig. 6B), no marine 

sedimentation was recorded contemporaneously to S4, thus confirming the sea retreat southwards.  

In the median domain, near Grenoble, at the footwall of FZ2, the 100 to 150m-high Pont Demay cliffs 

located along the eastern border of the Voreppe syncline in the Chartreuse massif (see points 20, 21 

on Fig. 6B), display the sedimentary succession of the S4-S5 sequences (Fig. 7A, B). The 

stratigraphic framework is well constrained by sedimentological sections 20 to 23 (Fig. 7A, C; Kalifi 

et al. 2021). The Pont Demay cliffs highlight three stacked Gilbert deltas (GD) prograding to the 

north, which attest a continuous, tectonically-driven, creation of accommodation and steep slopes 

(Ricketts and Evenchick 2007) related to the FZ2 activity: the GD1a and GD1b belonging to the S4 

(~15.0 to ~14.0 Ma), and the GD2 belonging to the S5 (~14.0 to ~12.0 Ma) (Fig. 7C, D), respectively, 

observed in the southern (Fig. 7D, E, F) and northern Pont Demay cliffs (Fig. 7D, G, H). Correlation 

between the two cliffs is based on the general dip of about 20° towards the east (Fig. 7D). 

Two sedimentary facies were observed in the Gilbert deltas: (i) the GD foresets (F20, FA11 sensu 

Kalifi et al. 2020) are made of coarse matrix-supported conglomerates displaying large-scale 

northward-directed tangential cross-beds dipping at 20 to 30°; (ii) the Gilbert delta topsets (F19, FA10 

sensu Kalifi et al. 2020) consisting of massive clast-supported and frequently imbricated 

conglomerates displaying low-angle, sub-planar, multi-metric trough cross-beds and forming a stack 

of multi-decimeter to meter-scale sheet levels of various grain sizes. In both facies, the clasts consist 

of well-rounded pebbles to cobbles mainly composed of local sources (Cretaceous limestones) and 

rare exotic clasts suggesting an internal alpine origin (e.g., radiolarites). 

In the southern Pont Demay cliffs, the GD1a typifies the S4 boundary as it overlies planar-stratified 

conglomerates corresponding to regressive braided-fluvial deposits of S3 (Fig. 7C). S4 exhibits a 65 

m-high depositional system of polyphased GD: GD1a and GD1b reaching 25 and 40 m in thickness, 

respectively (Fig. 7E). GD1a is characterized by northward prograding foresets as inferred from the 
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migration of planar-stratified conglomerates corresponding to braided fluvial deposits from a 

proximal deltaic position (Fig. 7E). The topsets of the GD1a are then overlain by the GD1b foresets 

that suggest a rapid retrogradation followed by another prograding unit. Again, the GD1b foresets 

exhibit a northward migration of the deltaic system. The transition between the ~35 m thick GD1b 

topsets (against only ~10 m for the GD1a) and the GD2 attributed to S5 (Fig. 7G) likely coincide with 

the T-8 eustatic transgression (Fig. 2B). In this interpretation, the GD1b topsets correspond to the 

topmost deposits of S4. In the orthogonal section (Fig. 7F), the GD1 foresets are planar-stratified, thus 

confirming the progradation of 2D sedimentary bodies. Note the growth-strata relationships in the 

GD1 topsets (Fig. 7F), in accordance with the tectonically-controlled stacking pattern of GD1a and 

GD1b during the deposition of S4, linked to the FZ2 activity. 

The Serravallian (S5a-S5b and S6) – Onset of FZ5 and end of the P2?  

Serravallian deposits were observed in the occidental and median domains (respectively green points 

and blue points, Fig. 8), and are characterized by three depositional sequences: S5a, S5b and S6. At 

that time, the oriental domain located to the east of FZ2 is likely subaerially exposed (Fig. 8), since no 

S5 deposits occurred in this area.  

The S5a-S5b sequence: ~14.0 Ma to ~12.0 Ma. The S5a-S5b sequences were essentially constrained 

stratigraphically between the sequences S4 and S6. Well-log diagraphies indeed commonly exhibit 

two depositional sequences (S5a and S5b), which are most probably tied with the T-8 for the S5a 

(14.0 Ma), and the T-9a (13.2 Ma), T-9b (12.8 Ma) or even the T-10a (12.6 Ma) for S5b (Fig. 2A, B). 

The difficulty in matching S5b to the eustatic curve is due to minor sea-level changes (from only +/- 

15 m; Fig. 2B) and, more generally, to the lack of accurate ages for S5a and S5b. The latest tectonic 

activity related to the Belledonne basement thrust advance is likely recorded during the deposition of 

S5a and S5b, which involved the activation of FZ5 (Kalifi et al. 2021) with a S5 depocenter localised 

at the FZ5 footwall.  

During the transgressive phase of S5, the most distal facies in the occidental domain (green points on 

Fig. 8A) are still found to the west of the ML Palaeohigh, with a predominant clayey sedimentation in 

the FA-1, BEF-1, TE-1, DP-108 wells (Fig. 8A). Except for those wells, the S5 is characterized by 

sandy deposits in the Bas-Dauphiné basin, characteristic of tidal-influenced shallow-marine 

environments (see points K9, K11, 32 on Fig. 8A). In the K9 and K11 localities (Fig. 8A), metric to 

multi-metric high tidal dunes prograding to N 40° to 50° suggests palaeo-currents along the seaway 

axis. On the western border of the Bas-Dauphiné basin (see points K7, K10 on Fig. 8A), earlier 

studies have reported sands containing granitic clasts originated from the Massif Central (Latreille 

1969), thus confirming the influence of fluvial inputs from a western relief. To the east, the median 

domain (blue points on Fig. 8A) is characterized by thick conglomeratic units deposited in river-

dominated environments (see points C5, C7, C8 on Fig. 8A) which argue for uplifted areas eastwards. 

Coevally, in the northern part of the Isere valley, the stacked GD system of the Pont Demay 

terminated during the deposition of S5 (see points 21, 22 on Fig. 8A). Unlike for the GD1 of S4, the 

northward prograding GD2 developed during S5 is smaller in size (20 m high) and exhibit an abrupt 

transition between foresets and topsets (Fig. 7G, H), which suggests the final shallowing-up 

succession of the GD stacking pattern. Indeed, the topsets of the GD2 correspond to ~10m-thick 

planar-stratified conglomerates interpreted as braided-fluvial deposits. GD2 topsets are overlain by 

~5m-high foresets prograding northwards (Fig. 7G, H). The lateral continuity of these foresets rules 

out the possibility that these structures correspond to interstratified bodies within the braided-fluvial 

system. Thus, we interpret these foresets as mouth bars in a distal deltaic position, that would plead 

for a final transgression corresponding to S5b. This unit is finally overlain by 50m of planar-stratified 
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conglomerates interpreted as braided-fluvial deposits (Fig. 7G, H). From the base to the top, the S5 

succession infers (i) an upward decrease of slope and accommodation (of tectonic origin), or (ii) the 

still active FZ2 that induced a progressive exhumation of the deltaic environment. 

The S6 sequence: ~12.0 to ~10.8 Ma. The S6 transgression occurred at 11.55 +/- 0.85 Ma and 11.7 +/- 

0.8 Ma for zones L, J, respectively (Figs. 1B and 2C; Kalifi et al. 2021), and coincides with the T-10b 

eustatic transgression starting at ~12.0 Ma (Fig. 2B). During the deposition of S6, no tectonic activity 

was recorded in the occidental domain as inferred from S6 deposits isopach map in the Bas-Dauphiné 

basin (Kalifi et al. 2021). Furthermore, no growth strata relationships occur in S6 deposits, although 

growth strata were reported for S4 and S5 in the 91CHA1-2 seismic profile (Kalifi et al. 2021). To the 

east, in the median and oriental domains, the absence of S6 deposits does not allow to discuss the 

influence of tectonic activity. 

In the occidental domain (green points on Fig. 8B), S6 was mainly described in well-logs. 

Transgressive S6 deposits are mainly characterized by bioclastic-rich sandstones (corals, bivalves, 

benthic foraminifera), which accumulated during the +40 m sea-level rise of the T-10b (Fig. 2B). The 

most pronounced Miocene transgression initiated the flooding of the La Bresse basin (Fig. 8B), as this 

domain had remained isolated from the Bas-Dauphiné basin since the beginning of the Miocene due 

to the Vienne Chamagnieu palaeo-high (VC Palaeohigh, Fig. 8B). Beyond the VC Palaeohigh, the S6 

transgression probably invaded the study area even further north, since typical Miocene marine fauna 

was discovered up to latitudes equivalent to Lons-le-Saunier (120 km north of Lyon, Demarcq 1970 

and references therein). Regressive deposits are characterized by shallow-marine sands that deposited 

widely in the study area, except in the eastern border of the Bas-Dauphiné basin (and probably in the 

median domain), where braided-fluvial environments predominated (PA-1, F2, LTPF-1, Fig. 8B). 

Two main fluvial systems are identified in this area: (i) the still active Voreppe delta downstream to 

the Isère valley, typified by the “Voreppe conglomerates” (VC, Fig. 8B) containing Mesozoic 

limestones and rare exotic clasts from the internal Alps including the Pelvoux massif (Bocquet 1966); 

(ii) the “La-Tour-du-Pin conglomerates” (LTPC, Fig. 8B) in the northern part of the Bas-Dauphiné 

basin, which contain granites from the Mont-Blanc massif and indicates south-west directed 

palaeocurrents (Nicolet 1979).  

The Tortonian (S7 et S8) – Regional uplift and onset of the Jura frontal thrust: 

Upper Serravallian and Tortonian deposits are observed in the occidental domain and the La Bresse 

domain (respectively, green and yellow points on Fig. 8C, D). These deposits are characterized by two 

depositional sequences: S7 and S8. During the deposition of these sequences, the median and oriental 

domains located to the east of FZ3 were likely already uplifted, since no deposits of this age have 

been described (Fig. 8C, D). In accordance, a new tectonic phase characterized by a regional uplift 

has been identified during the regressive phase of S7 and the deposition of S8 at ~10 Ma (phase P3, 

Fig. 2D), which induced the final retreat of the Miocene Seaway (Kalifi et al. 2021) coevally with the 

onset of the Jura thrust (“J” in Figs. 1B, 2C and 8D). Earlier chronostratigraphic studies based on 

Neogene mammals have indeed reported that the activity of the Jura front likely started between the 

Serravallian (~11 Ma) and the Pliocene (Bolliger et al. 1993; Steininger et al. 1996; Kälin 1997), as 

also inferred from U-Pb ages in syntectonic calcite mineralizations (Smeraglia et al. 2021).  

S7 sequence:  ~10.8 to ~9.5 Ma. The S7 transgression occurred at 10.6 +/- 0.7 Ma for zone I (Figs. 1B 

and 2C; Kalifi et al. 2021) and matches with the T-11 eustatic rise (+10 m) documented at ~10.8 Ma, 

just after the T-10b rapid -30 m sea-level fall (Fig. 2B). The la Bresse basin was still flooded during 

S7 judging from Strontium ages obtained in the I2, I17, I18 and I19 localities (Fig. 8C; Kalifi et al. 
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2021), as well as magnetostratigraphical and biostratigraphical dating within the Jujurieux section (I2 

locality, Aguilar et al. 2004). 

In the western part of the occidental domain (green points on Fig. 8C) and in the La Bresse basin, S7 

transgressive deposits are characterized by tidally-influenced shallow-marine sandstones. 

Alternatively, the western border of the La Bresse, Bas-dauphiné and Crest basins was influenced by 

fluvial inputs from the Massif Central. Because no offshore marine deposits were recorded in this 

study area, maximum flooding deposits of S7 most likely correspond to subtidal deposits, especially 

in the central part of the basin (see point K4 on Fig. 8C). Such deposits are the last marine sediments 

recorded for the Miocene in this zone, since regressive deposits are characteristic of brackish, river-to-

tide and river-dominated depositional environments. 

In the eastern part of the occidental domain, S7 is either characterized by river-dominated deltaic 

sandstones or by aggrading conglomerates from the Voreppe and La-Tour-du-Pin deltas (VC, LTPC, 

Fig. 8C) that most probably merged in a single fan delta at that time.  

S8 sequence: ~9.5 to ~8.2(?) Ma. S7 is directly overlain by continental deposits in the whole area 

(Fig. 2A). S8 deposits were dated based on mammal remains indicating ages ranging between ~9.5 

and ~8.2 Ma (Kalifi et al. 2021 and references therein), therefore synchronously with the T-12 +25 m 

eustatic rise starting at ~9.5 Ma (Fig. 2B). The absence of marine deposits was interpreted as the 

response to the regional uplift involved by phase P3 (Fig. 2D). During this phase, the Jura thrust was 

active and involved a tectonically controlled depocenter at the footwall of that thrust (Kalifi et al. 

2021), characterized by a 200 m-thick continental succession (consisting of lacustrine or alluvial plain 

deposits, Demarcq 1970). In the Bas-Dauphiné basin (F, H, J, K, L zones, Fig. 1B), the S8 is 

characterized by the progradation of river-dominated depositional systems, with sedimentary 

successions dominated by conglomerates deposited in braided-fluvial environments. Locally, the 

conglomerates are interstratified with fine-grained fluvio-lacustrine deposits rich in mammals and 

continental gastropods (see points H9, F5, K2 on Fig. 8D).  

Palaeogeographic reconstructions of nearby areas 

The lower Miocene chronostratigraphy of the Swiss Molasse Basin  

Upper Aquitanian marine deposits (22.0 to 20.5 Ma, ~S1a; Berger et al. 2005) were never described 

northward from the city of Lausanne (Fig. 9). There, marine deposits rich in marine fauna were dated 

to the upper Aquitanian (Berger 1985; Kempf et al. 1999; Becker et al. 2010) and are interstratified 

within continental deposits at the top of the Lausanne “Molasse Grise” (Bersier 1936, 1938). Such 

interstratified marine and continental deposits were also observed for the S1a transgression (~21.0 

Ma) in the southern prolongation of the Swiss Molasse basin (zone A of the study area on Fig. 4), 

which suggests a marine connexion between the two regions. No Aquitanian marine deposits were, 

however, described further north in the Rhine graben, the Swiss Jura or in the La Bresse basin, where 

Aquitanian deposits systematically consist of lacustrine or continental sediments (Becker 2000; 

Becker et al. 2004, 2010; Picot et al. 2008; Roussé et al. 2016). Hence, we advocate for an Aquitanian 

transgression originating from the south, as proposed by Berger et al. (2005).  

In the Swiss Molasse basin (Fig. 9), a marine transgression is reported during the lower Burdigalian, 

at ~20.5 Ma (Berger 1985; Schlunegger et al. 1996, 1997; Kempf et al. 1999; Von Hagke et al. 2012; 

Jost et al. 2016), which matches well with the S1b transgression of the study area starting at ~20.6 Ma 

(Fig. 2A, B). In the Swiss Molasse basin, this lower Burdigalian transgression was diachronous and 

occurred from the SW to the NE (Garefalakis and Schlunegger 2019), which is also consistent with a 
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transgression originating from the south. Still in the Swiss Molasse basin, the upper Burdigalian 

recorded a tectonic phase affecting the entire Jura (Ziegler and Dèzes 2007). This phase is related to 

isostatic adjustments (induced by a tectonic pulse) generated by the exhumation of the Aar Massif 

(Garefalakis and Schlunegger 2019) that started around 20 Ma (Herwegh et al. 2017). The entire 

Swiss Molasse basin was thereafter exposed aerially, as evidenced by an angular unconformity 

reported between 18.3 and 17.8 Ma (Kempf et al. 1999; Garefalakis and Schlunegger 2019), and 

subsequently flooded by a marine transgression (Homewood 1981; Allen 1984). As a consequence, 

the latter transgression is accompanied by a drainage reversal, which was directed to the northeast 

during the lower Burdigalian, then redirected to the southwest during the late Burdigalian (Berger et 

al. 2005; Garefalakis and Schlunegger 2019). Such a tectonic phase, coeval to the upper Burdigalian 

marine transgression, precisely coincides with the S2a transgression in the study area (~17.8 Ma), 

which also records the onset of the Belledonne basal thrust (Fig. 5A). In the northern part of the Swiss 

Molasse basin (400 km north-east to Lausanne), a southward seaway retreat occurred between 17 and 

16.5 Ma and was probably controlled by tectonic activity (Pippèrr and Reichenbacher 2017; Sant et 

al. 2017). Finally, during the lower Langhian, the Swiss Molasse basin deposits recorded the end of 

the southward-directed retreat of the Miocene Sea (16.0 to 15.0, Berger et al. 2005; ~S3). 

The lower Miocene chronostratigraphy of the Rhodano-Provencal Molasse basin (RPMB) 

The absence of Aquitanian marine deposits (S1a) to the north of the Swiss Molasse basin suggests a 

transgression from the south, through the Rhône valley and/or along the sub-alpine front more 

eastwards. The following section proposes a review including 19 localities from the RPMB (Fig. 9), 

combined with new Strontium dating carried out in the Valréas basin.  

To the east of the RPMB, Aquitanian (~S1a) and lower Burdigalian (~S1b-c) marine deposits were 

recorded along the Arc de Castellane from the south (Nice) to the Digne basin (north) (Fig. 9). There, 

the seaway was limited to the east by palaeoreliefs (Bigot-Cormier et al. 2000; Bernet and Tricart 

2011), as in our study area with FZ1 acting as a palaeotopographical barrier. At Roquebrune-Cap-

Martin, on the south-eastern edge of the “Arc de Nice”, (see point 1 on Fig. 9), lower Burdigalian 

deposits were also described (~S1b-c) (Laworsky 1959; Laworsky and Curti 1960; Feugueur and Le 

Calvez 1961). In the Vence syncline, in the southwestern edge of the Arc de Nice (see point 2 on Fig. 

9), biostratigraphical studies allowed to date marine sediments to the Aquitanian (~S1a) (Odebode 

1978, 1982; Campredon and Gigot 1984; Ginsburg et al. 1998) and lower Burdigalian (~S1b-c, 

Ginsburg and Mongin 1956; Mongin 1962; Odebode 1978, 1982). In St Vallier de Thiey, under the 

frontal overlap south of the Arc de Castellane (see point 3 on Fig. 9), marine sands have been 

attributed to the Tortonian (Dardeau et al. 2010). However, because they are located at the same 

latitude than the Vence syncline (see point 2 on Fig. 9), those sands rather suggest deposits belonging 

to the Aquitano-Burdigalian (~S1a-S1b-c). In the Majastres syncline to the west of the Arc de 

Castellane (see point 4 on Fig. 9), brackish deposits are intercalated between continental upper 

Oligocene and marine sediments (Espitalie 1964), hence most probably corresponding to the lower 

Burdigalian (Goguel 1936; Lapparent 1938). Such brackish deposits display benthic foraminifera 

assemblages similar to the "Digne Intermediate Molasse", which was dated to the upper Aquitanian 

(~S1a, see below), as well as some planktonic foraminifera including G. ouachitaensis (a marker of 

the upper Oligocene [+Aquitanian?]). At Châteauredon Dome (see point 5 on Fig. 9), continental 

deposits containing marine intercalations were dated to the Aquitanian (~S1a) by mammals (De 

Graciansky et al. 1982; Thome et al. 1989; Aguilar 2002) and isotopic data (Lopez et al. 2000; 

Bialkowski et al. 2006; Cojan et al. 2013). Isotope analyses have further confirmed a lower 

Burdigalian attribution, even if marine incursions are scarce (Lopez et al. 2000; Bialkowski et al. 

2006). Under the Valensole plateau (see point 7 on Fig. 9), well-log data indicate a sedimentary 
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succession attributed to the Oligo-Aquitanian (marine?), which onlaps towards the west according to 

seismic imaging (Comité des Techniciens 1986). To the east, the closest wells to Digne (Mirabeau 1 -

2 and 3) possibly record the occurrence of Aquitanian deposits (Comité des Techniciens 1986). Such 

sediments are overlain by "Burdigalian s.l." deposits that presumably suggest the lower Burdigalian 

(S1b-c). In the Digne basin (see point 6 on Fig. 9), within the "Digne Intermediate Molasse", the 

marine deposits were dated to the Aquitanian (~S1a) by marine fauna (Crumeyrolle et al. 1991) and 

Strontium dating (Largois 2000; Couëffé 2003; Rubino et al. 2015). The occurrence of the marine 

lower Burdigalian (~S1b-c) is well established by biostratigraphy (Haug 1891; Lapparent 1938; 

Haccard et al. 1989; Crumeyrolle et al. 1991) and Strontium dating (Largois 2000; Couëffé 2003). In 

those sedimentary successions, as in the underlying Aquitanian deposits, the influence of waves and 

storms (Rubino et al. 2015, 2019) indicates open coastal environments with large fetches. 

To the west of the RPMB, Aquitanian deposits are continental in the Pertuis and Forcalquier synclines 

(Mein et al. 1971; Lesueur 1991; see points 8, 9 on Fig. 9), or even absent, as it is the case in the 

Baronnies synclines and in the Valréas basin (Rubino et al. 1990; Montenat et al. 2000). Marine 

Aquitanian deposits (~S1a) were indeed only described along the Mediterranean coast at Carry-le-

Rouet (see point 12 on Fig. 9; Fontannes 1878; Catzigras 1943; Anglada 1972; Alvinerie et al. 1977; 

Anglada and Catzigras 1980; Demory et al. 2011), in the western border of the Nerthe area (see point 

11 on Fig. 9; Dexcoté 2001), in the western border of the Camargue area along the Nimes fault 

(Demarcq 1970; Fig. 9) and in the Mediterranean offshore according to seismic and well log data (see 

points “off.1” [Bellaiche et al. 1976] and “off.2” [Fournier et al. 2016] on Fig.9).  North of Carry-le-

Rouet, the absence of marine lower Burdigalian deposits (~S1b-c) has been demonstrated (i) in the 

Nerthe area near Marseille, by a magnetostratigraphic study judging from a gap between ~19.9 to 18.5 

Ma (see point 11 on Fig. 9; Oudet et al. 2010), (ii) in the north of the Basse Provence (Combaluzier 

1932), (iii) in the Alpilles at Fontvieille (see point 13 on Fig. 9; Mongin 1949), as well as (iv) locally 

in the Valréas-Carpentras basin (Demarcq 1970; Rubino et al. 1990; Montenat et al. 2000). The 

Valréas basin is part of the RPMB and is located south of the Crest basin, the southernmost zone of 

the study area (Fig. 9, B for location). The lower Miocene stratigraphy of the Valréas basin has been 

revised, as detailed hereafter, in order to get a better understanding of the Miocene seaway 

palaeogeographical evolution at the scale of the Western Alpine foreland basin.   

New Sr ages from the Valréas basin in the RPMB (lower Miocene)  

Five new Strontium ages were obtained from the “St-Restitut” and “Nyons” sedimentological sections 

(Fig. 10A, D), and allow to integrate the stratigraphical scheme at a more regional scale by comparing 

it with the Royans and Crest basins located ~30-40km to the north (zones G and L respectively; Fig. 

1B). In the “St-Restitut” and “Nyons” sections, the initial transgression was dated to 18.62 +/- 0.27 

Ma and 18.87 +/- 0.32 Ma, respectively (Table 1). Such ages are rather homogeneous at the scale of 

the Valréas basin and coincide with the T-3b eustatic transgression described at ~19.0 Ma (Fig. 2B). 

This coincidence is, however, puzzling as the T-3b documents a +5m sea-level rise only. This 

transgression further matches with the S1c sequence described by Besson et al. (2005) in the RPMB. 

In our study area, the T-3b corresponds to the top of the S1b sequence (20.6 to 17.8 Ma), which 

generally poorly outcrops (sections 4, 5, Kalifi et al. 2020). Hence, unfortunately, the lack of detailed 

sedimentological sections for S1b prevents accurate sequence stratigraphical interpretations but does 

not rule out the possibility that another sequence (S1c) could fit with the T-3b transgression (Fig. 2 A, 

B). 

Above the transgressive lag in the St-Restitut section (Fig. 10A), the S1c succession consists of large-

scale tidal bars characterized by 5-10 m-high foresets prograding to the south (Lesueur et al. 1990) 
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and the S1c flooding was dated to 17.95 +/- 0.2 Ma (Fig. 10A). In the Nyons section (Fig. 10B), the 

S1c deposits are overlain by transgressive deposits constrained by a bioclastic-rich level dated at 

17.60 +/- 0.25 Ma (Fig. 10B) and can be attributed to the S2a transgression.  

Discussion 

The previous palaeogeographical maps highlight to which extent the active Belledonne basal thrust 

shaped the Miocene seaway palaeogeographical evolution and the spatio-temporal distribution of 

sedimentary facies in the subalpine massifs, the southern Jura and the adjacent basins. The impact of 

this tectonic phase at the scale of the Western Alpine foreland basin will be further developed here, by 

integrating the lower Miocene seaway palaeogeographical evolution of the Swiss Molasse basin and 

the Rhodano-Provencal molasse basin (Fig. 9).  

The origin of the upper Aquitanian transgression (S1a) 

As marine upper Aquitanian deposits have only been described at Carry-le-Rouet (see point 12 on 

Fig. 9) and in the Digne and Vence basins along the Arc de Castellane (see points 1 to 6 on Fig. 9), 

the south-to-north Aquitanian transgression evidenced in this study likely followed a seaway that 

extended from the Vence sector near Nice (see point 2 on Fig. 9) to Lausanne in the north. To allow 

such a marine connection, the best candidate corresponds to the St-Disdier-en-Dévoluy syncline (see 

point 17 on Fig. 9), in which outcrop the St-Disdier sandstones attributed to the Oligocene. According 

to our investigations and the literature, the St-Disdier sandstones are continental in origin (Fabre et al. 

1986; Meckel et al. 1996; Meckel 1997). Only the top of this unit consists of glauconitic sandy levels, 

which could represent possible candidates for marine deposits, however without other further pieces 

of evidence. The sedimentary succession of the St-Disdier sandstones is attributed to the upper 

Chattian based on the occurrence of diagnostic characeae (Fabre et al. 1986), which have also been 

recorded in the Forcalquier syncline (see point 8 on Fig. 9) within lacustrine Aquitanian deposits 

(Lesueur 1991). The upper Chattian of the St-Disdier Sandstones could therefore also be Aquitanian 

in age (Grosjean et al. 2017). Based on these elements, and the structural configuration of the early 

Miocene foreland basin characterized by a flexural subsidence at the footwall of the frontal thrusts 

(FZ1 in the north, Arc de Castellane in the south; Fig. 9), the most plausible hypothesis is a marine 

connection from the Digne basin in the south to the Lans-en-Vercors syncline (eastern edge of the 

Vercors) in the north throughout the St-Disdier-en-Dévoluy syncline (see point 17 on Fig. 9), in which 

early Miocene marine deposits would have been eroded today. Such a hypothesis has already been 

proposed for the Burdigalian seaway by Sissingh (2001) with the "Gap passage" connecting the Digne 

basin to the Vercors massif (Fig. 9). However, these works reported a marine connection between the 

Digne basin with the Rhône valley to the west, via the E-W the Baronnies passage, the Apt-

Forcalquier and the Pertuis synclines (Fig. 9). In contrast, our new observations rather suggest that the 

early Miocene seaway was mainly connected via the Vence basin (Fig. 9) and the Ligurian Sea to the 

south-east, therefore suggesting a palaeogeography similar to the Lutetian/Priabonian 'foredeep' basin 

(Meulenkamp and Sissingh 2003; Ford et al. 2006; Lettéron et al. 2017) (Fig. 11A, B). 

Our interpretation is further supported by the distribution of facies and depositional systems along the 

upper Aquitanian North-South seaway (Fig. 11A). In the Swiss Molasse basin, which constitutes the 

head of the embayment, the depositional environments are tide-dominated (Allen et al. 1985). Tide-

dominated depositional environments run up to the southern Jura synclines, near Génissiat (see point 

1 on Figs. 1B and 4; Berger 1985; Kalifi et al. 2021). To the south of the southern Jura synclines, 

depositional environments evolve into mixed wave-tide depositional environments (FA5, FA6, sensu 

Kalifi et al. 2020), while in the Digne basin (see point 6 on Fig. 11A), depositional environments are 
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wave-dominated (Fig. 11A; Crumeyrolle et al. 1990). In the Vence Syncline (see point 2 on Fig. 

11A), open marine sediments characterized by marine marls rich in planktonic foraminifera (Odebode 

1978, 1982) were deposited under the influence of both waves and tidal currents (Ginsburg et al. 

1998). Such a process change from north to south is probably related to the degree of connection with 

the open marine Ligurian Sea to the south (Fig. 11A). 

The Burdigalian (~20.6 Ma to ~16.2 Ma) paleogeography: Impact of an alpine-scale tectonic 

event 

In the Valreas basin, our new results therefore invalidate the completeness of the lower Burdigalian 

stratotype section of Saint-Restitut (Fontannes 1878; Deperet 1892; Demarcq et al. 1974; Demarcq 

1980), since Strontium ages clearly exhibit that the initial transgression only occurred at the end of the 

lower Burdigalian (~18.9 Ma, S1c sequence; see points 15, 16 on Fig. 11C). This is further in line 

with the end of the gap reported from the Nerthe area, which was dated to approximately 18.5 Ma, 

and that preceded a return to marine conditions (Oudet et al. 2010; see point 11 on Fig. 11C). On both 

sides of the Luberon massif, in the Pertuis syncline (see point 9 on Fig. 11B, C; Mein et al. 1971) and 

in the Forcalquier syncline (see point 8 on Fig. 11B, C), mammals ages further outline that lower 

Burdigalian deposits indeed corresponded to non-marine deposits (lacustrine or deltaic; Lesueur 

1991). To the east, the early Miocene seaway still connect the Swiss molasse basin to the Vence area 

(see point 2 on Fig. 11C).  

A connexion between the RPMB and the Bas-Dauphiné basin to the north is finally established during 

the Upper Burdigalian transgression (~17.8 Ma, Fig. 11D), through the Nerthe sector (see point 11 on 

Fig. 9; Oudet et al. 2010), the Camargue in the Basse-Provence (Fig. 9; Demarcq 1970), the Valréas 

Basin (Fig. 9; Lesueur et al. 1990) and the Crest and Royans basins (Fig. 5) to the south of the study 

area. Eastwards, the Apt-Forcalquier synclines (see points 8, 10 on Fig. 9; Gigot et al. 1982) and the 

Baronnies passage are also flooded during the Upper Burdigalian (Guy et al. 1989), linking the Digne 

Basin to the east and the Rhône valley to the west (Fig. 11D). Even more to the east, in the Digne 

basin, the presence of the Miocene Sea is still reported during the Upper Burdigalian. From south to 

north, marine upper Burdigalian sediments have indeed been described in the Vence syncline (see 

point 2 on Fig. 9; Ginsburg et al. 1998) and under the Valensole plateau (see point 7 on Fig. 9; Comité 

des Techniciens 1986), as based on the presence of deltaic mouth bars arguing for coastal depositional 

environments. Marine Upper Burdigalian sediments have also been described in the Digne Basin (see 

point 6 on Fig. 9) where upper Burdigalian deposits are attested by mammals (Couëffé and Maridet 

2003), even if not reported from the Velodrome section (Crumeyrolle et al. 1991; Rubino et al. 2015).  

Thus, the Upper Burdigalian transgression (~17.8 Ma, Fig. 11D) records the flooding of the entire 

Rhône valley and allowed a much wider connexion between the RPMB and the SMB via the eastern 

Bas Dauphiné and the northern Subalpine ranges (Fig. 11D, E). These domains were flooded for the 

first time by passing over the WSM Palaeohigh (Fig. 5). Interestingly, such a connexion is precisely 

contemporaneous with the activation of the Belledonne basal thrust corresponding to the onset of the 

tectonic phase P2 (activation of the SAL thrust) described in the study area (Kalifi et al. 2021).  

To the North, in the Swiss Molasse basin, the upper Burdigalian transgression (~17.8 Ma) was 

associated with an Upper Burdigalian tectonic phase triggering an inversion of drainage direction and 

affecting the entire Jura (Ziegler and Dèzes 2007). This tectonic phase precisely also coincides with 

the onset of phase P2 in the study area (~18.05 +/- 0.25 Ma). To the South, in the Rhodano-Provencal 

Molasse basin (RPMB, Fig. 1A), lower Miocene syntectonic deposits (Upper Burdigalian-Langhian; 

~18-14 Ma) were described in the Digne area (Gigot et al. 1974; Beaudoin et al. 1975; Crumeyrolle et 
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al. 1991), in the Lubéron (Clauzon 1974), in the Alpilles (Colomb 1982) and in the Vaison-la-

Romaine (Brasseur 1962), corresponding to the first Miocene alpine tectonic phase of the RPMB 

(Gigot et al. 1974). Thus, this RPMB tectonic phase precisely coincides with the onset of phase P2 in 

the study area (~18.05 +/- 0.25 Ma; Kalifi et al. 2021) and argues for a tectonic phase recorded at the 

scale of the western Alps. Therefore, the (upper Burdigalian) initial marine connexion between the 

Rhône valley and the Swiss molasse basin occurred coevally with an upper Burdigalian alpine-scale 

tectonic event (P2, onset at ~18.05 +/- 0.25 Ma; Kalifi et al. 2021), suggesting that the subsequent 

westward-directed migration of the Miocene seaway, the establishment of new marine connexions and 

the abandonment of former corridors (Fig. 11C) were all likely tectonically-controlled as well. 

The Langhian to upper Tortonian (~16.2 Ma to ~9.5 Ma) palaeogeography 

Upper Burdigalian tectonic episodes are rapidly followed by a southward-directed retreat of the 

Miocene seaway between 17 and 16.5 Ma (~S2b sequence) in the northern part of the Swiss Molasse 

basin (400 km north-east to Lausanne, Pippèrr and Reichenbacher 2017; Sant et al. 2017). Such a 

retreat is finally recorded in the southern part of the Swiss Molasse basin during the lower Langhian 

(16.0 to 15.0, Berger et al. 2005; ~S3 sequence; Fig. 11E). Pippèrr and Reichenbacher (2017) and 

Sant et al. (2017) suggest that the seaway retreat is controlled by tectonic activity; this seems 

consistent with the emerging activity of the SAL, GF and FZ2 faults during phase P2 in the study area 

(Fig. 6A), where the westward-directed migration of the seaway is still in progress as the entire Bas-

Dauphiné basin is totally flooded for the first time (Fig. 11E). However, the westward migration of 

the seaway is attested by the persavive migration of depocenters to the west from the footwall of the 

SAL fault (~18 Ma to ~17.2 Ma) to the footwalls of the GF (~17.2 to ~16.2 Ma) and FZ2 faults 

(~16.2 to ~15 Ma; Kalifi et al. 2021), successively, thereby reflecting the in-sequence propagation of 

the thrusts. To the south, during the Langhian, syntectonic deposits are still recorded in the RPMB 

(Villegier 1984; Villegier and Andrieux 1987; Bergerat 1985). 

Subsequently, between the Upper Langhian (~15.0 Ma, Fig. 11F) and the Lower Tortonian (~9.5 Ma, 

Fig. 11G), no major palaeogeographical change occurred. P2 is still active in the study area, until at 

least ~12.0 Ma (Figs. 6B, 7A and 11F). Then, the +40m sea-level rise recorded at ~12.0 Ma (S6 

transgression; Fig. 2B) triggered the first marine transgression of the La Bresse basin above the 

Vienne-Chamagnieu Palaeohigh (Figs. 8B and 11G). In the RPMB, and despite such a notable sea-

level rise, marine disconnections established during S4 and S5 (Fig. 11F) pursued between the Vence 

syncline and the Digne basin (see points 2, 6 on Fig. 11F), and between the Digne basin and the 

Valreas basin through the Baronnies passage (see points 6, 15, 16 on Fig. 11G; Montenat et al. 2000), 

thus suggesting a southwest-directed progressive seaway retreat triggered by uplifts.  

Finally, during the Upper Tortonian, the S8 sequence highlights a rapid southward retreat of the 

Miocene sea (Figs. 8D and 11H) coeval to the onset of the tectonic phase P3 (activation of the Jura 

thrust; Fig. 2D), implying here again that sea retreat was tectonically-controlled. In the RPMB, this 

tectonic phase was also recorded (Lapparent 1940, 1941; Dubois 1966; Gigot et al. 1974; Villegier 

1984; Villegier and Andrieux 1987). Nevertheless, marine conditions still prevailed in the RPMB 

during the Upper Tortonian (Besson 2005; Fig. 11H). 

Conclusions 

Based on a revised chronostratigraphy and tectonostratigraphy study from the subalpine massifs, the 

southern Jura and the adjacent basins, the elaboration of new palaeogeographical maps highlights the 

influence of active tectonics on seaway palaeogeographical evolution over the course of the Miocene. 
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During the upper Aquitanian to lower Burdigalian (~21.0 to 17.8 Ma), the initial Miocene marine 

transgression occurred along the active alpine orogenic front, by connecting the Digne basin to the 

south and the Swiss Molasse basin to the north. In the study area, the Miocene seaway was influenced 

by flexural subsidence and restricted between the FZ1 to the east and the Western Subalpine Massif 

Palaeohigh to the west. This narrow configuration, almost parallel to the alpine front (~NNE-SSW), 

involved an amplification of tidal currents, as highlighted by seaway-directed axes of subtidal dunes. 

At 18.05 +/- 0.25 Ma, the eustatic transgression of S2a was sub-synchronous to the activation of the 

thick-skinned Belledonne basal thrust widely affecting this external part of the Alps (phase P2, sensu 

Kalifi et al. 2021). This phase lasted at least until ~12.0 Ma. The westward-directed in-sequence 

propagation of the thrusts implied the brutal westward migration of the Miocene seaway (and 

associated depocenters) from the oriental domain to the occidental domain. Between S2a and the end 

of S3 (~17.8 to ~15.0 Ma), the oriental domain evolved into a piggy-back basin and was progressively 

uplifted. Coevally, the median domain to the west, located on the inherited Western Subalpine Massif 

Palaeohigh, was flooded for the first time during the Miocene. During S3 (~16.2 Ma), the seaway 

definitively invaded the occidental domain and extended as far as to the Massif Central westwards. 

Between the oriental and the occidental domains, the median domain evolved into a piggy-back basin, 

but still subsided until at least S5 (~12 Ma).  

During the first stage of the seaway westward migration (S2a, S2b, S3; ~17.8 to ~15.0 Ma), the 

median domain exhibited important lateral facies variations resulting from inherited 

palaeotopographies. Incised valleys along the Western Subalpine Massif Palaeohigh favored the 

development of tide-dominated environments by local flow constriction, which even more amplified 

the tidal amplification involved by the narrow seaway configuration (Kalifi et al. 2020). In turn, 

coarse-grained deposits linked to fluvial input originating from the active orogenic wedge prevailed in 

the eastern coast, as evidenced by stacked Gilbert deltas highlighting a continuous tectonic-driven 

creation of slope and accommodation during S4 and S5 (~15.0 to ~12.0 Ma). 

At the scale of the Western Alpine foreland basin, the Belledonne basal thrust involved: (1) the 

flooding of the Rhône valley and the initiation of a marine connection between the Swiss molasse 

basin to the north and the Rhodano-Provencal molasse basin to the south; (2) the initiation of the 

progressive southward retreat of the Miocene seaway from the Swiss Molasse basin, which was 

definitively disconnected from the seaway between S3 and S4 (~16.2 to 14.0 Ma). 

This revised palaeogeographical reconstruction of the Miocene Western Alpine seaway thus 

demonstrates how much eustatic-driven depositional zones are impacted by tectonics over the course 

of alpine deformation, and provides a valuable model of the evolution of seaway palaeogeographical 

configuration in foreland basins, and the associated changes in depositional environments under the 

influence of dominant hydrodynamic processes. 
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Figure Captions 

Fig. 1: (A) Location map of the peripheral foreland basin of the Cenozoic Alpine orogeny in light 

green (map from Google Earth); the study area is shown with a red square.NAFB= North Alpine 

foreland basin; RPMB= Rhodano-Provencal Molasse basin; SMB= Swiss Molasse basin. (B) 

Location of the Miocene basins (La Bresse, Bas-Dauphiné, Crest basins) of the subalpine massifs 

(Vercors, Chartreuse, Bauges, Bornes), the southern Jura and the adjacent basins (Bas-Dauphiné, La 

Bresse, Crest). The main faults are highlighted in orange and labelled 1 to 5, corresponding to Fault 

Zones (FZ) as defined in Kalifi (2020); Pt=Penninic thrust; GF= Gros Foug thrust; SAL = Saleve 

thrust; J= Jura thrust. (C) Cross-section throughout the central Chartreuse and Belledonne massif 

(Kalifi et al. 2021), as localised in Fig. 1B with a dashed red line. BBt= Belledonne basal thrust. 

Fig. 2: Summary of the structural, chronostratigraphic and tectonostratigraphic framework (Kalifi et 

al. 2021) of the study area. (A) Synthetic section of Miocene deposits in the study area and the 11 

Miocene depositional sequences; (B) Miller et al. (2005) eustatic curve recalibrated to Ogg et al. 

(2016) geochronology. (C) The 12 Miocene palaeogeographical zones grouped into four 

palaeogeographical domains reveal a clear spatial relation with the five fault zones (FZ1-5). (D) The 

three alpine compressive phases impacting the Miocene palaeogeography. The main phase (phase P2) 

involved the progressive onset, from east to west, of the SAL fault, the GF fault, FZ2, FZ3, FZ and 

FZ5 in response to the onset of the Belledonne basal thrust. 

Fig. 3: Oligocene isopach map of the Bas-Dauphiné and Crest basins, Vercors, Chartreuse and 

southern Jura synclines. 

Fig. 4: Palaeogeographic map of the upper Aquitanien S1a sequence and the lower Burdigalian S1b 

sequence. 

Fig. 5: Palaeogeographic maps of the upper Burdigalian S2a (A) and S2b (B) sequences. Fig. 4 for 

legend. 

Fig. 6: Palaeogeographical maps of the late Burdigalian to lower Langhian S3 sequence (A) and the 

upper Langhian S4 sequence (B). Legend in Fig. 4. 

Fig. 7: 3D model of the stacked gilbert-deltas of the Pont Demay cliffs. Red squares = 

Sedimentological sections, see Fig.1 for map location. Orange circles= Fault zones (FZ). GD= Gilbert 

delta. Satellite view (A) and the view from the south (B) of the Pont Demay cliffs in the FZ2 footwall. 

(C) The Pisserotte section is allowing to calibrate the chronostratigraphy of the Pont Demay GDs, 

belonging to the S4 (GD1) and S5(GD2) sequences. (D) Detailed spatial disposition of the northern 

and southern Pont Demay cliffs. (E) The S4 sequence in the southern Pont Demay cliff (see F, for the 

orthogonal section) characterized by two northward prograding GDs (GD1a et GD1b), overlain by 

sub-horizontal topsets. (F) Orthogonal view of the GDs recorded during S4, in the southern Pont 

Demay cliff. Curved red arrow= growth-strata. (G, H) The S5 sequence in the northern Pont Demay 

cliff, characterized by a northward prograding GD (GD2), overlain by ~50m of planar stratified 

topsets. Close-up view on ~10m high cross-beds with interstratifications of reddish fine-grained 

deposits that were interpreted as being time-equivalent with those recorded at the base of the S5 

sequence of the La Roize section (22, Kalifi, 2020) dated to 12.6-13.6 Ma by combining 

nannoplankton and mammal (i.e., biostratigraphical) dating. 
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Fig. 8: Palaeogeographical maps of the late Langhian-lower Serravallian S5a-S5b sequences (A), the 

upper Serravallian S6 sequence (B), the lower Tortonian S7 sequence (C) and the upper Tortonian S8 

sequence (D). Fig. 4 for legend. 

Fig. 9: The Western Alpine foreland basin, from the Rhodano-Provencal molasse basin (RPMB) to 

the Swiss Molasse basin. The RPMB is presented with its different sub-basins (Valréas, Basse-

Provence, Apt-Forcalquier, Digne basins) and the localites quoted in the main text.  

Fig. 10: The lower Miocene stratigraphy of the Valréas basin. (A) The St-Restitut S1c deposits, filling 

up an incised palaeovalley (Lesueur et al., 1990; Rubino et al. 1990). (B) The Nyons sedimentological 

section modified from Rubino et al. (1990). 

Fig. 11: The lower Miocene Miocene seaway palaeogeographical evolution at the scale of the 

Western Alpine foreland basin. (A) The S1a sequence, between ~21.0 to ~20.6 Ma, (B) The S1b 

sequence, between ~20.6 to ~17.8 Ma. (C) The S1c sequence, between ~19.8 to ~17.8 Ma, (D) The 

S2a-S2b sequences, between ~17.8 and ~16.2 Ma, (E) The S3 sequence, between ~16.2 to ~15.0 Ma, 

(F) The S4-S5a-S5b sequences, between ~15.0 to ~12.0 Ma, (G) The S6-S7 sequences, between ~12.0 

to ~9.5 Ma, (H) The S8 sequence, between ~9.5 to ~8.0(?) Ma. 

Table Caption 

Table 1: 87Sr/86Sr dating and δ18O and δ13C analyses. The ages and the associated uncertainties appear 

in bold red characters, and are exploited during the study. 
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Locality GPS 87Sr/86Sr ± ± 
Mean 

Age 
%CaCO3 

δ13CV-

PDB

± 
δ18OV-

PDB

± 

16 : St-

Restitut 

44.315571°; 

4.787133° 

0.708574 0.000016 0.20 17.95 97.74 -2.44 0.01 -4.81 0.02 

0.708539 0.000016 0.20 18.35 99.75 -0.80 0.02 -2.44 0.01 

0.708516 0.000021 0.27 18.63 99.63 -1.16 0.01 -2.50 0.02 

15: 

Nyons 

44.359330°; 

5.144833° 
0.708603 0.000018 0.20 17.60 97.9 0.69 0.03 -0.84 0.05 

44.416401°; 

5.067419° 
0.708496 0.000024 0.32 18.88 100.33 -0.82 0.01 -2.72 0.02 

Table 1 
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Figure 11(continued) 
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