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disciplinary approach has been implemented. A LiDAR campaign was undertaken to
generate a 30 cm high-resolution Digital Elevation Model (DEM) that depicts in detail
the current fault morphology. In parallel, an electrical resistivity campaign was
conducted and three trenches were opened. These investigations revealed a fault
contact expressed by a fault gouge zone surmounted and sealed by numerous recent
Quaternary periglacial and high-energy channel units. Radiocarbon and optically
stimulated luminescence dating allowed the chronological reconstruction of sediment
deposition and erosion cycles and of the most recent deformation event, older than 20
ka. These investigations did not allow us to demonstrate with certainty that these
deformations are of a co-seismic nature. This work highlights the difficulty of identifying
faults and studying the seismic hazard in intra-continental contexts.
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Abstract 

The Provence region, located in the southeast of France, has experienced a few destructive 20 

earthquakes during the last centuries, such as the 1909 Lambesc earthquake or the 1509 and 1708 

Manosque earthquakes. However, faults in the area experience slow slip rates (< 0.1 mm/yr) that 

preclude quantification of deformation using geodetic measurements. Active faults in Provence 

have long recurrence intervals and the region experiences erosion under a Mediterranean climate 

where surface markers of such deformation are rapidly erased. As a consequence, several faults in 25 

the region may go unnoticed despite having the potential to generate earthquakes. This work 

focuses on the Vinon-sur-Verdon area in Provence, where a relatively narrow fault structure, the 

Maragrate fault, brings into contact Miocene clays and Pliocene conglomerates. Because of its 

proximity to a major nuclear research facility, this fault poses a potential earthquake hazard that 

justifies studies aimed at gaining insight into its mechanics and Quaternary seismic activity. In this 30 

context, a multi-disciplinary approach has been implemented. A LiDAR campaign was undertaken 

to generate a 30 cm high-resolution Digital Elevation Model (DEM) that depicts in detail the 

current fault morphology. In parallel, an electrical resistivity campaign was conducted and three 

trenches were opened. These investigations revealed a fault contact expressed by a fault gouge 

zone surmounted and sealed by numerous recent Quaternary periglacial and high-energy channel 35 

units. Radiocarbon and optically stimulated luminescence dating allowed the chronological 

reconstruction of sediment deposition and erosion cycles and of the most recent deformation event, 

older than 20 ka. These investigations did not allow us to demonstrate with certainty that these 

deformations are of a co-seismic nature. This work highlights the difficulty of identifying faults 

and studying the seismic hazard in intra-continental contexts. 40 
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1 - Introduction 

  

In intra-continental areas, active fault slip rates can be very low (<0.1 mm/yr), leading to 

long recurrence intervals (up to several hundreds or thousands of years) for relatively strong 

earthquakes (Mw>6). The sub-millimeter faulting rates are usually too low to be quantified by 45 

geodetic data. A much longer time span is necessary to observe tectonic deformations (Nocquet, 

2012; Fuhrman et al., 2014). In such a tectonic setting with slow activity, historic and instrumental 

seismicity give a first glance into the recent tectonic activity of a fault system and may provide 

valuable insight on the location and depth of earthquakes epicentres. Yet, linking the intensities of 

historical earthquakes to a particular active fault is often challenging and depends on the quality 50 

of historical catalogues and the conservation of fault scarps in the landscape. At an intermediate 

timescale, paleoseismology fills the gap between late Holocene surface observations and long-

term geological deformations. Paleoseismology studies have been conducted in various areas of 

slow tectonic deformation such as the lower Rhine Embayment in Germany (Vanneste et al., 1999; 

Vanneste and Verbeek, 2001; Meghraoui et al., 2000; Grützner et al., 2016) and the New Madrid 55 

seismic zone (e.g. Thompson Jobe et al., 2020).  

In the Provence region of southern France, balanced cross sections (Champion et al., 2000; 

Bestani et al., 2015), offsets of geological markers (Chardon and Bellier, 2003) and geodetic 

studies (Nocquet, 2012) confirm the slow rates of tectonic deformations (<0.1 mm/yr) (Cushing et 

al., 2008; Chardon and Bellier, 2003; Chardon et al., 2005). The region has also not experienced 60 

moderate and strong earthquakes (Mw> 5) recorded by seismological networks over the last 60 

years. In addition, morphological evidence of activity along active fault segments is subdued 

because denudation rates are comparable or faster than fault velocities (about 30-60 mm/ka, Siame 
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et al., 2004; Molliex et al., 2011; Godard et al., 2016; Thomas et al., 2017; Thomas et al., 2018; 

Godard et al., 2020). This implies that tectonic geomorphic markers tend to be rapidly eroded away 65 

and that no single stand-alone method can be used to accurately evaluate seismic deformation. For 

these reasons, the investigation of current and past behaviour of active faults in slow deformation 

contexts, and more specifically in Provence, necessitates the implementation of a multi-

disciplinary methodology addressing various time and spatial scales.    

The study area is located in southeastern Provence, a foreland basin of both the Pyrenean and 70 

Alpine orogens. It is bordered to the south by the Mediterranean Sea (see figure 1). This area is 

currently undergoing very slow tectonic deformations, the causes of which are still widely debated 

(e.g. Mazzotti et al., 2020). Various factors have been evoked: convergence of the African-

European plates, anti-clockwise rotation of the Adriatic block, gravitational collapse of the Alps 

or even a post-glacial visco-elastic re-adjustement (Champion et al., 2000; Baroux et al., 2001; 75 

Lacombe and Jollivet, 2005; Cushing et al., 2008; Le Pichon et al., 2010; Nocquet, 2012; Bellier, 

2014; Bollinger and Kuperminc, 2014; Walpersdorf et al., 2015; Mazzotti et al., 2020). Provence 

has been the focus of numerous structural, geomorphological, seismological and 

paleoseismological studies since the late 19thcentury (e.g., Bertrand, 1899; Corroy et al., 1964; 

Clauzon and Robert, 1984; Baroux et al., 2001; Chardon and Bellier, 2003; Chardon et al., 2005; 80 

Cushing et al., 2008; Molliex et al., 2011; Clauzon et al., 2011; Bestani et al., 2015; Guyonnet-

Benaize et al., 2015; Mazzoti et al., 2020). Structural studies have used gravity variation 

measurements and seismic sections to obtain maps of the main faults and the extent of the region’s 

sedimentary basins (Terrier et al., 2008; Le Pichon et al., 2010; Espurt et al., 2012; Guyonnet-

Benaize et al., 2015; Bestani et al., 2016). However, the nature of seismogenic deformations in 85 

southeastern France remains unclear. For example, the 2019 November 11th Le Teil earthquake 
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(see figure 1 for location) raises the question of the seismic loading and seismic source that can 

trigger such events in very low slip rates/shallow deformation contexts and of faults that have not 

experienced ruptures during the Late Quaternary (Ampuero et al., 2020; Ritz et al., 2020). This 

highlights the fact that faults capable of creating surface ruptures can currently remain unnoticed 90 

because of very long recurrence intervals. These facts also call into question aspects of 

seismogenic behaviour and the concept of a seismic cycle in such contexts. 

At the scale of metropolitan France (i.e., not including the French overseas territories, several 

of which experience significant seismic activity), discriminating whether a fault is considered as 

active is still not straightforward and may depend on scientific or regulatory issues (Jomard et al., 95 

2017). The database of potentially active faults (BDFA) includes faults showing evidence of 

Miocene or younger deformation, assuming the tectonic stress field has not experienced dramatic 

changes since the end of the Miocene (Jomard et al., 2017; Mazotti et al., 2020). The BDFA aims 

at recognizing potential seismogenic faults within 50 km of nuclear facilities. Our study site is 

located in Vinon-sur-Verdon (see figure 1), only 4 km away from the major nuclear facilities at 100 

Cadarache which host a research centre of the CEA, the French Atomic Agency (Commissariat à 

l’Énergie Atomique et aux Énergies Alternatives), and the International Thermonuclear 

Experimental Reactor (ITER). At the Maragrate site (figure 2), a geological contact between 

Miocene clays and Pliocene conglomerates (figure 3) observed on a roadside outcrop raises the 

question of potential Quaternary deformations associated  with tectonic and seismic activity. For 105 

these reasons, a key point consists in determining whether this inherited fault zone has possibly 

registered tectonic deformations during the Plio-Quaternary. To achieve this task, we adopted an 

extended multi-proxy approach that evaluates the post-Pliocene activity of this fault in a context 

of significant natural erosion but also important anthropogenic activity.  
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In this work, we first describe the geological history of Provence and present a state of the 110 

art of past tectonic studies in the region. At our study site, the main challenge was uncovering 

potential deformed Quaternary surfaces and fault scarp morphologies, usually found under dense 

vegetation covers or in urban areas in Provence. To overcome this limitation, an airborne LiDAR 

(Light Detection And Ranging) survey was conducted in order to generate a 30 cm-high resolution 

Digital Elevation Model (DEM) that enabled a detailed geomorphological mapping of the 115 

Maragrate area. Complementary geophysical investigations were carried out to image the extent 

of the fault contact at depth and to drive the subsequent paleoseismic investigations. Three 

paleoseismic trenches were opened and one of them was sampled for sedimentology and age 

constraints using 14C and luminescence dating, thus providing a deposition chronology. Finally, 

we discuss these results and observations in the context of the seismic hazard of Provence.  120 

  

2 - Geological setting 

2.1 - Geology of Provence 

The geology of Provence (see figure 1) consists of late Cretaceous to Paleogene (i.e. 

Pyrenean) north and south-verging fold-and-thrust belts (Mercier, 1978; Tempier, 1987; Terrier et 125 

al., 2008; Espurt et al., 2012; Bestani et al., 2016). In northern Provence, Pyrenean structures were 

reactivated during the Neogene shortening that led to north- and south-verging thrust faults 

(Combes, 1984; Villeger and Andrieux, 1987; Chardon and Bellier, 2003). Two NE-trending 

crustal-scale left-lateral strike-slip fault systems (the Nîmes and Middle Durance fault systems) 

have significant implications in the differential N-S shortening during Pyrenean and Neogene 130 

shortening events. These fault systems are inherited from Late Paleozoic strike-slip structures 

(Arthaud and Matte, 1974) and were reactivated as strike-slip systems during the late Cretaceous 
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to early Tertiary Pyrenean orogeny (Tempier, 1987). The Pyrenean orogeny event was also at the 

origin of east-west ramp anticlines distributed from the Mediterranean coast up north to the 

Ventoux-Lure mountain (e.g. Clauzon et al., 2011). These were later reactivated as normal faults 135 

during the Oligocene regional extension, thus leading to several Oligocene sedimentary basins 

(Roure et al., 1992; Hyppolite et al., 2012). Subsequently, the Miocene Alpine orogeny (mainly 

resulting from the collision of the Adriatic block and mainland Europe) led to Provence becoming 

the foreland basin for both the Pyrenees and the Alps (Champion et al., 2000; Baroux et al., 2001; 

Chardon and Bellier, 2003; Molliex et al., 2011). This orogeny resulted in limited uplift and 140 

rejuvenation of pre-existing reliefs (Larroque et al., 2009; Bestani et al., 2016). Provence was 

further affected during the Messinian by a major Mediterranean sea-level event, the Messinian 

salinity crisis. This event consisted in a sea-level drop of more than 1500 metres (e.g. Clauzon, 

1982; Gautier et al., 1994; Krijgsman et al., 1999; Mocochain et al., 2009; Tassy et al., 2013) that 

deeply affected the fluvial network as a result of the variation of base level associated with intense 145 

regressive river erosion. The Messinian salinity crisis resulted in the formation of deep canyons 

that were later filled by marine, then continental sediments once the Mediterranean Sea became 

connected once again to the Atlantic Ocean approximately 5.32 Ma ago.  

The Middle Durance Fault System (MDFS), a major NNE trending fault system (figure 1), 

divides Provence into two structural domains: the western area consists of a thick Mesozoic to 150 

Oligocene sedimentary cover (< 12 km) whereas  the eastern area presents a much thinner 

sedimentary cover (< 2 km) (e.g. Cushing et al., 2008; Le Pichon et al., 2010; Molliex et al., 2011; 

Bestani et al., 2015). South of the Valensole plateau, the eastern MDFS domain is characterized 

by a succession of compartmented fold-faults (figure 1). Three types of geological structures co-

exist in this area: a WNW-trending fold and thrust belt, a NNE-trending strike-slip fault system 155 
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and N-trending horst and graben systems (Morabito, 1967) (figure 1). In addition, the landscape 

has been affected by several E-trending faults since the late Cretaceous. It is suggested that the 

MDFS acts as a southward transfer zone of the external Alpine front in Western Provence between 

the NNW-striking Digne thrust sheet and the south-verging Trevaresse thrust system (Cushing et 

al., 2008).  160 

During the Plio-Quaternary, tectonic deformations affected Provence but at lower rates (e.g. 

Cushing et al., 2008, 2014). Various studies provide evidence for late-Quaternary tectonic activity 

with relatively high-magnitude earthquakes for metropolitan France (Mw>5.7) (Baroux et al., 

2003, Chardon et al., 2005; Cushing et al., 2008, 2014; Cara et al., 2015; Manchuel et al., 2017). 

In particular, the Trévaresse fault (TF) is mapped as two main segments and is related to the growth 165 

of a fold developed from the Miocene through to the Pleistocene (Chardon and Bellier, 2003; 

Chardon et al., 2005).  

 

2.2 - Historical seismicity 

The SisFrance catalogue (BRGM, EDF, IRSN, e.g. Scotti et al., 2004) is the main source of 170 

information concerning historical seismicity in France (see figure 1). Historical seismicity has been 

documented for the past 500 years in Provence and it is both weak and sparse. Moderate to strong 

historical earthquakes are generally spaced in time by more than two centuries. Indeed, historical 

earthquakes occurred in the Manosque area in 1509 and 1708 (seismic intensities up to VIII, 

Quenet et al., 2004), and in Volx in 1913 (intensity up to VII-VIII, Cushing et al., 2008) (see 175 

location on figure 1). These events occurred at rather shallow depths (less than 5 km), are related 

to the MDFS and attest that this fault system mainly affects the sedimentary cover, is still currently 

active and produces earthquakes (Volant et al., 2000; Guignard et al., 2005; Cushing et al., 2008). 
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The Lambesc earthquake on June 11th 1909, the largest in metropolitan France in the 20th century, 

struck an area located only 15 km to northwest of the city of Aix-en-Provence (see Figure 1) with 180 

intensities up to IX (VIII-IX after site effects corrections, Baroux et al., 2003). The TF fault is 

recognized as the seismic source for the 1909 Lambesc earthquake, with an estimated moment 

magnitude of about 5.7 - 6.0 (e.g. Baroux et al., 2003; Chardon and Bellier, 2003; Cara et al., 2015; 

Manchuel et al., 2017). 

  185 

2.3 - Instrumental seismicity in Provence 

Earthquakes with MW>3 have been rare in Provence since the 1960s. The seismicity of the 

study area is presented in figure 1 (SI-Hex catalogue, Cara et al., 2015). This catalogue documents 

the seismicity in France from 1963 to 2009. It aims at bringing together seismic data from the 

Bureau Central Sismologique Français (BCSF) and the Laboratoire de Détection et de 190 

Géophysique (LDG). Jomard et al. (2017) compiled seismic data on French faults in order to 

reconstruct a database of potentially active faults in metropolitan France. Manchuel et al. (2017) 

worked on moment magnitude Mw on both instrumental (SI-Hex catalogue, Cara et al., 2015) and 

historical seismicity (data extracted from the SisFrance catalogue, www.sisfrance.net, BRGM, 

EDF, IRSN, 2017, e.g. Scotti et al., 2004) in continental France to develop a robust and exhaustive 195 

seismicity catalogue (FCAT-17).  

The most important earthquake referenced in the SI-Hex catalogue in Provence was recorded 

in February 1984 approximately 15 km southeast of Aix-en-Provence and has been estimated at 

Mw=3.6 (Figure 1). Moreover, a cluster of weak seismicity is observed to the south of Aix-en-

Provence but it is associated with no known fault. Approximately one third of the earthquakes in 200 

metropolitan France referenced in the SI-Hex catalogue are related to human activities such as 

http://www.sisfrance.net/
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quarry blasts or hydropower dams (Cara et al., 2015), which could explain the presence of this 

particular cluster. The SI-Hex catalogue also documents seismic activity along the MDFS, with 

approximately 40 events at MW>1.8 located in the vicinity of the fault system, the highest being 

MW=2.8 in 1963. We can, however, cite two larger seismic events in the MDFS area during the 205 

2010s, both included in the RéNASS (Réseau NAtional de Surveillance Sismique) database: the 

ML=2.9 event 3 km from Manosque in 2010 and the ML=3.3 event 11 km to the north of Manosque 

in 2012. The immediate surrounding of the TF is characterized by low-magnitude earthquakes, 

with only one event at MW>2.4 recorded in the SI-Hex catalogue, despite the fact that this fault 

generated the 1909 Lambesc earthquake. Similarly, the Salon-Cavaillon fault is surrounded by 210 

earthquakes with MW<2.5, while around the Nîmes fault nine earthquakes with MW>2.5 have been 

registered during the last fifty years, the largest one at MW=3.1 in 1986.  

 

2.4 - Previous tectonic and paleoseismic investigations in Provence 

Paleoseismologic investigations extend the window of observation of a fault system from the 215 

last millennium to the late Quaternary. Various studies using this approach have been conducted 

in western Europe and France, such as in the Alps (Alasset, 2005; Hyppolite et al., 2006; Sanchez 

et al., 2010), the Jura Mountains (Baize et al., 2002; De La Taille et al., 2015), the Pyrenees 

(Alasset and Meghraoui, 2005) and the Upper Rhine (Lemeille et al., 1999; Meghraoui et al., 

2000). These studies were carried out to identify faults producing paleo-earthquakes during the 220 

Late Quaternary and to estimate their maximum magnitude and averaged fault slip rates. With this 

aim in view, the Neopal online catalogue records neotectonic and paleoseismological indices in 

France (www.neopal.net, e.g. Baize et al., 2013), each assigned a quality attribute. In Provence, 

four paleoseismological events are listed as “certain” in the Neopal catalogue, two of them located 

http://www.neopal.net/
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on the MDFS and two others on the TF (see figure 1 for location). Trench studies in Provence 225 

mainly focus on these two structures because they correspond to the areas with the highest density 

of historic and instrumental seismicity.  

The MDFS has been the centre of various structural and paleoseismological studies (Cushing 

et al., 2008; Guyonnet-Benaize et al., 2015), most notably at La Brillanne and Valveranne. 

Concerning La Brillanne, a reverse fault parallel to the MDFS is visible on the western side of the 230 

Durance river and is compatible with the deformation pattern deduced from regional observations 

and focal mechanisms (Terrier, 1991; Baize et al., 2002). In Valvéranne, Ghafiri (1995) and 

Sébrier et al. (1997) described a late Quaternary folded alluvial fan deformed along a N35° axis 

that they associated to deformation along a secondary fault, parallel to the MDFS. Focal 

mechanisms were analyzed on 27 recent earthquakes located close to the MDFS between 1999 235 

and 2006 by Cushing et al. (2008). The majority of the 27 mechanisms are consistent with a MDFS 

left-lateral strike-slip faulting. The focal mechanisms were inverted by the authors using the 

method proposed by Carey-Gailhardis and Mercier (1987, 1992). It yielded a stress tensor with a 

strike-slip regime characterized by a N165° E-trending σ1 axis.  

Several studies have combined microtopography, detailed geomorphological mapping, and 240 

trenching to investigate the TF responsible for the 1909 Lambesc event (e.g. Chardon and Bellier, 

2003, Chardon et al., 2005). A first trench opened across the main fault displays a south-verging 

reverse fault that brings folded Oligocene units in contact with Miocene units (Chardon et al., 

2005). A second trench was opened across a 1 m-high scarp, southward of the main TF scarp, on 

an alluvial fan resulting from the erosion of the Trevaresse ridge. In this trench, several fault offsets 245 

of more than 10 cm are observed, the most recent surface rupture being associated with the 

historical 1909 event. However, no available samples were found to date the ages of previous 
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earthquakes. Using the offsets and the fault segment length, Chardon et al. (2005) estimated 

maximum magnitudes Mw of 6.2-6.4 for earthquakes generated by this fault according to the 

empiric laws of Wells and Coppersmith (1994).  250 

Other potentially active faults have been studied in the region as well. West of Provence, 

close to the Nîmes fault, surface rupture evidence of reverse faulting, possibly associated with a 

strong earthquake (Mw>6), has been identified (Pascual, 1978; Combes et al., 1993; Baize et al., 

2002) (location figure 1). The Salon-Cavaillon fault (figure 1), located on the western border of 

Provence, has also been the focus of various studies (Terrier, 1991; Vella and Provansal, 2000). In 255 

particular, Molliex et al. (2011) used balanced cross-sections, gravity and seismic reflection data 

to realize a detailed structural study of this fault system. Their observations support the fact that 

this fault is a major structure separating the Alpilles mountain range from the Luberon range.  

In conclusion, Provence has a long-standing record of paleoseismic, historical and 

instrumental earthquakes. However, the MDFS and TF are the only faults in metropolitan France 260 

where seismic activity has been documented at these three different timescales.  

 

3 - Geometry of the Maragrate fault  

 

Our study site is close to Vinon-sur-Verdon village located 60 km northeast of the city of 265 

Marseille (figure 1). Vinon-sur-Verdon is 8 km to the east of the MDFS, at the toe of the Vinon 

thrust, a N90° E-trending south-dipping reverse fault (Morabito, 1967; Tempier, 1987) sealed by 

Miocene units (figure 2). Fault kinematic measurements were performed on Jurassic limestones 

from the Vinon thrust (Grellet and Combes, 1995; Tassy, 2007). The inversion yields three 

successive tectonic regimes, the relative ages of which were obtained using cross-cutting 270 
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relationships. The oldest is a compressional tectonic regime characterized by a N35°E trending σ1 

axis (normal to the Vinon thrust trend). It is followed by a transtensional tectonic regime 

characterized by a N110°E trending σ3 axis. The youngest is a right-lateral tectonic regime 

characterized by a N115°E trending σ1 axis. These measurements agree with the previously 

documented geological history of Provence (e.g. Chardon and Bellier, 2003): the late-Cretaceous-275 

Tertiary Pyrenean compressional, the Oligocene extensional and finally the Miocene Alpine 

compressional tectonic events.  

Our paleoseismic work was carried out 800 m to the south of the Vinon thrust, where an 

abnormal sub-vertical contact between Miocene sandstones and conglomerates units is evidenced 

along the D554 roadside (figure 3) and hereafter named the Maragrate fault (see figure 2). The 280 

conglomerates consist of rounded pebbles in a yellow or red-brown matrix and may correspond to 

the continental Valensole formation. In the region, this stratigraphic formation is interpreted as the 

Durance-Verdon alluvial fan system prograding south (e.g. Clauzon et al., 1989; Dubar et al., 

1998). Chronological data based on mammalian faunas and paleomagnetism date this formation 

between the Late Miocene (Serravallian to Tortonian) at its base and up to the early Pleistocene at 285 

its top (Clauzon et al., 1989; Dubar et al., 1998). At Maragrate, these conglomerates were more 

likely deposited during the Pliocene or Early Pleistocene. This geological unit is sheared along the 

Maragrate fault zone, as attested by oriented and striated pebbles (Tassy, 2007 and figure 3C). 

Striae measurements performed on these pebbles are compatible with a dextral Plio-Quaternary 

movement on the Maragrate fault (Grellet and Combes, 1995). These observations suggest that 290 

deformations may have occurred in this shear zone since the deposition of the conglomerates units, 

and they raise the question of a potential post-Pliocene tectonic reactivation of this fault segment. 

Even though instrumental and historical seismicity are documented west of Maragrate along the 
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MDFS (figure 1), no seismic event has been recorded in the vicinity of the Maragrate area. Two 

kilometres to the east of Vinon-sur-Verdon, a 1.5 km-long N180° fault segment (called “ramp” in 295 

figure 2B) connects the north Vinon thrust segment (N090°) to the south Vinon thrust segment 

(N120°). The N120° Maragrate fault is in geometric continuation with the south Vinon thrust 

segment (figure 2B).  

To understand the geometric relationships at depth between the north Vinon thrust segment 

and the Maragrate fault, a geological cross-section has been proposed on the basis of published 300 

geological maps from the BRGM (1/50000th geological map of Tavernes, 1966) and the 

GEOTER/CEA map (2014) (figure 4, see figure 2 for geological sections location). Our geologic 

interpretations are speculative because no published seismic cross-sections are available in this 

area. The sedimentary cover is deformed and probably presents thrust-related anticlines and salt 

tectonic structures (Tempier, 1987, Bestani et al., 2015, 2016). From north to south, an east-305 

trending syncline of Jurassic and Cretaceous series is overthrusted by the north Vinon thrust 

segment, which exhibits a ~20°-30° south-dipping fault plane. The Vinon thrust décollement level 

probably occurred at the base of Triassic series (Keuper evaporites). We propose that the thrust 

may reach the basement approximately 1.5 km below the surface (figure 4). The evaporites have 

probably played a major role in the tectonic deformation and reactivation of fault segments in the 310 

area since the beginning of the Jurassic (Bollinger et al., 2010, Bestani et al. 2016); however, this 

remains speculative because at the surface the Triassic units from the north Vinon thrust segment 

are described as marly carbonates. The Maragrate fault is located at the border of the Messinian 

canyon of the Durance-Verdon hydrographic system. An alternative cross-section including 

Messinian sediments is shown in the supplementary data (figure S1a).  315 
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A borehole drilled in Vinon-sur-Verdon (BSS002HBZG, BRGM BSS database, location 

figure 3A) indicates that the Miocene units reach at least 260 m a.s.l, which corresponds to up to 

60 m in thickness at the borehole location. Using this observation and the geological map (figure 

2B), three geological sections at larger scales have been created (figure 5) in order to evaluate the 

vertical displacement of the Miocene and Pliocene units across the Maragrate fault (location in 320 

figure 3). Alternative cross-sections including Messinian sediments are visible in the 

supplementary data (figure S1b). Section 1 displays the Maragrate fault to the southeast of road 

D554, in an area where Miocene formations do not crop out (Figure 3). Section 2 is located directly 

to the southeast of Maragrate and crosses the morphological scarp documented above. The third 

section cuts across the Maragrate valley. The three geological sections display Jurassic carbonate 325 

layers, unconformably overlain by the Miocene clay and sand units as well as the Pliocene 

conglomerates. Assuming that the erosional base of the unconformable Pliocene units is flat (to a 

first order) and that there is no significant variation in Miocene thickness, there is a slight dip 

towards the northwest because the base of the Pliocene lies at approximately 360 m a.s.l to the 

southeast and only 270 m a.s.l at the junction with the Verdon alluvial plain to the northwest. 330 

Taking this into consideration, we estimate that the base of the Pliocene unit is currently located 

approximately 30 m deeper to the south of the Maragrate fault than to the north (figure 2). 

Alternative geological cross-sections taking into account assumptions of  sediment infill resulting 

from the Messinian salinity crisis incision under the Pliocene conglomerates are provided in 

supplementary data. All our geological interpretations imply a significant apparent vertical 335 

component of the Plio-Quaternary movement on this dextral strike-slip fault. The Maragrate fault 

being subvertical at the surface, it is complicated assessing the vertical component of the faulting.  
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However, the north Vinon thrust segment does not display any sign of Quaternary tectonic 

activity, as Miocene and Pliocene units lie unconformably on top of folded Cretaceous and Jurassic 

units, sealing the fault plane. From our field observations, we propose that the Maragrate fault is a 340 

sub-vertical dip angle fault affecting the sedimentary sequences up to the Pliocene. Concerning its 

depth-anchoring, one possible geometry that can be hypothesized is that this fault is connected to 

the north Vinon thrust segment approximately 500 m below the surface (figure 4). In that case, 

these faults could, consequently, be the expression of strain partitioning between the north Vinon 

thrust segment to the north and the Maragrate fault to the south.  345 

 

 

4 - Morphological and geophysical investigations  

 

4.1 - High resolution LiDAR topographic data 350 

In recent years, high-resolution digital elevation models (DEM) have been extensively used 

in tectonic and geomorphological studies (Meigs, 2013; Gold et al., 2013; Cruz Nunes et al., 2015; 

Zielke et al., 2015). In this study, we took advantage of the ability of LiDAR technology to remove, 

to a certain extent, vegetation and human structures (figure 6). This is critical because, in our study 

area, Mediterranean vegetation and human activities impede satellite or field observations (figure 355 

6-A). In addition, the relative similarity of denudation rates (30-140 mm/ka, e.g. Thomas et al., 

2018) and tectonic rates (30-100 mm/ka, e.g. Cushing et al., 2008) in Provence implies that tectonic 

fault scarps are rapidly eroded or poorly preserved in the surrounding topography (e.g. McCalpin 

et al., 2009). A geomorphologic analysis of the Vinon-sur-Verdon area has been performed using 



17 

an airborne LiDAR survey of a total area of 13.7 km2 and a generated DEM at a resolution of 30 360 

cm/pixel.  

 

4.2 - Methodology for electrical geophysical investigations 

Geophysical investigations were carried out in the area surrounding the Maragrate 

morphological scarp (figure 7). Following analysis of the LiDAR data, several locations were 365 

chosen for an electrical resistivity survey in order to better document the extent of the Maragrate 

contact. 

Electrical tomography surveys were carried out for two main purposes: (i) to image the lateral 

extension to the southeast and northwest of the Maragrate contact observed along the roadside, (ii) 

to obtain precise mapping of the different alluvial/geological units in the Maragrate valley and 370 

enable pinpointing a location for paleoseismic investigations. 2D-resistivity tomography was used 

by employing the ABEM Lund Imaging System (SAS4000 + ES1064) with an array of 64 

electrodes using a Schlumberger-Wenner reciprocal layout protocol. The electrical profiles were 

generated using an electrode spacing of 1 or 2 m, resulting in profiles of 63 m- and 127 m-lengths. 

The RES2DINV software (Loke, 2003) was used to compute a 2D subsurface model representing 375 

apparent resistivity before inversion in order to obtain true resistivity. The colour scale for 

resistivity values has been harmonized between each profile (figure 7). In total, six profiles were 

produced. A first profile (VIN01/profile B) was generated to the northwest of the Maragrate valley, 

in the most recent abandoned alluvial plain of the Verdon river along road D952. Four additional 

profiles (VIN02/ profile E, VIN04/ profile C, VIN07/ profile F and VIN08/ profile F) were 380 

implemented within the Maragrate valley. VIN08 was realized with a 1 m-electrode spacing 

instead of 2 m for VIN07, resulting in higher resolution but shallower data. Finally, one last profile 
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(VIN06/ profile D) was obtained to the southeast of the Maragrate morphological scarp, along a 

path that cuts across the prolongation of the topographic scarp mapped on the LiDAR DEM. 

 385 

4.3 - Results  

A N120° vertical morphological scarp, 1-2 m-high, can be followed for more than 300 m on 

the LiDAR DEM (not observable on satellite images in figure 6-A), in the southeastward 

continuation of the Miocene/Pliocene contact observed along road D554 (figure 6-A and 6-B). Its 

current expression in the morphology probably results from differential erosion between Miocene 390 

clays to the north and indurated conglomerates to the south. The northwest continuation of the 

fault is not seen in the present Verdon alluvial plain and within the Maragrate valley (figure 2A). 

Nevertheless, it is possible that this geological contact extends towards the southeast, even though 

it is not visible on the LiDAR DEM because it brings in contact Valensole conglomerates on both 

sides of the fault, preventing a clear scarp expression in the topography (figures 2 and 3). ~1.5 km 395 

southeastward, in the continuation of the Maragrate morphological scarp, we map two parallel 

morphological scarps (oriented at N120°) associated with knick-points (geographical coordinates 

in Lambert 93 : 928403; 6294583) in massive Jurassic limestones that could be related to the south 

Vinon thrust segment (figure 2B).  

In this urbanized context, alluvial terraces and geological units were also mapped (see figure 400 

3). Five levels of alluvial terraces (T0, T1, T2, T3 and T4) were identified, from low to high 

respectively, and are mostly located to the north of the Maragrate fault.  

Each electrical resistivity profile displays a vertical resistivity contrast (indicated by black 

arrows in figure 7) between lower resistivities (in the 60-130 ohm.m range) at depth to the 

north/northeast and higher resistivities (approximately 200-400 ohm.m) to the south/southwest. 405 
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VIN01 displays lower resistivities on average, which may be linked to the fact that the 

measurement was carried out in loose and recent alluvial deposits from the Verdon river with 

possibly higher water and/or clay content. In the Maragrate valley, all profiles display a clear 

vertical resistivity contrast with conductive and resistive units, to the northeast and southwest, 

respectively. We interpret this contrast as the rooting at depth of the red clays and conglomerates 410 

contact observed along the road; red Miocene clays and conglomerates probably correspond to 

conductive layers (80 ohm.m) and resistive layers (200-250 ohm.m) respectively. On top of this 

vertical contact we observe between 1 and 5 m of more resistive layers (>300 ohm.m) that we 

interpret as related to loose sediment deposits. VIN04, located closest to the road, has a thin 

resistive sediment cover 1 to 5 m-thick, whereas VIN02 and VIN07 display a resistive upper layer 415 

of 4 to 5 m thickness. VIN08 and VIN07 were measured before opening a trench in order to 

compare resistivity and paleoseismic observations. Both profiles show a 1 m-thick low-resistivity 

layer directly below the surface and the same resistivity contrast as described in the previous 

profiles. Besides, a high-resistivity patch (up to 360 ohm.m) located just above the main vertical 

resistivity contrast is visible in VIN08. At approximately the same depth and approximately 10 m 420 

to the southwest, we observe a low-resistivity (70 ohm.m) channel-like unit. Located eastward of 

the topographic scarp, VIN06 displays much higher resistivity values compared to the other 

profiles. However, there is a resistivity contrast at depth similar to that described above. We notice 

that the different resistivity vertical contrasts observed in all electrical profiles are aligned with the 

topographic scarp visible in the LiDAR DEM and are in continuation of the N120° south Vinon 425 

thrust segment. 

 

5 - Paleoseismic investigations in the Maragrate valley 
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The study site is located in a small town and the potential fault trace at the surface crosses 430 

private properties and/or water or underground electricity networks, which limit the possible 

locations for excavating a trench. To study the nature of past tectonic deformations along the 

Maragrate fault, two shallow trenches were excavated in the Maragrate valley in 1995 

(respectively called T1 and T2) and a third trench (T3) was opened in 2016 to complement the 

observations (figure 8). 435 

 

5.1 - Preliminary paleoseismic trenches 

Trenches T1 and T2 were excavated on the eastern edge of the Maragrate valley to investigate 

the lateral extension of the Miocene-Pliocene Maragrate shear zone observed along the roadside. 

These trenches have a N150° and N010° orientation respectively (see figure 8 for location). In 440 

both trenches, sharp contacts between red clays and conglomerates are observed (figure 9), similar 

to the stratigraphic contact along the road side.  

In trench T1, the stratigraphy exposes a well-expressed 50 cm wide sub-vertical gouge shear 

zone (SZ), bringing into contact red clays to the north and yellow-beige conglomerates to the south 

(figure 9). Miocene red clays (M) dip 70° southward and are affected by numerous faults and 445 

fractures across a 4 m-wide zone. A sequence of yellow conglomerate beds (P), similar to those 

observed along the roadside, is observed on the northern wall of T1, dipping 70° southward. Sub-

vertical layers of orientated pebbles are visible within the conglomeratic unit (darker yellow stripes 

in figure 9), likely related to shear zones in loose sediments. These units are unconformably 

overlain by a thin organic-rich layer (~ 30 cm thick) made of a brown soil rich in clay and sand. 450 
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Trench T2 is located approximately 10 m to the west of T1 and closer to the axis of the 

present-day Maragrate valley. As observed in T1, red clay layers (M) dip 70° to the south and are 

affected by secondary fractures over a 1 m-wide zone. Fault kinematics analysis performed in T2 

revealed right-lateral kinematics along various faults planes (Grellet and Combes, 1995). A 70 cm-

wide gouge shear zone (SZ) is visible between the red clays (M) and yellow conglomerate units 455 

(P). However, the conglomerates are affected by cracks, do not display subvertical oriented 

pebbles layers and only broken pebbles are observed. T2 exposes an 80 cm-thick sediment cover 

made of channel deposits sealing the fault zone. In this sequence, several channel layers made up 

of rounded pebbles of various sizes were logged. These channels are overlain by up to 70 cm of 

brown soil rich in clay and sand. The fact that these channel units are not observed within trench 460 

T1 may be due to the fact that T2 is located closer to the valley axis, and therefore exhibits a thicker 

recent sediment infill. However, in both trenches, no charcoal samples were found for 14C dating, 

thus precluding the establishment of a chronology for the deposits. Moreover, a lack of recent 

overlying sediments raises the question of fault reactivation during Late Quaternary, motivating 

the excavation of a third trench. 465 

 

5.2 - Additional paleoseismic trench 

Because the VIN07 and VIN08 geophysical surveys (see section 4.3) suggest that a thicker 

alluvial cover may be found in the axis of the Maragrate valley, we opened a third trench (T3) with 

a N50° orientation (figure 8). Detailed logging of stratigraphic units in T3 shows the continuation 470 

of the Maragrate fault through the Maragrate valley (figure 10). A description of each unit is given 

in table 1.  
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We logged three separate units (M, SZ and P) that were visible for up to 150 cm in height at 

the bottom of both T3 walls and were similar to the units found in T1 and T2. To the northeast, 

unit M consists mostly of unconsolidated red/orange sediments rich in clay and silts. To the 475 

southwest, unit P is made of yellow/beige conglomerates with rounded pebbles and gravels and 

numerous oriented or broken pebbles were also observed (figure 11). In between, we identified a 

purplish fault gouge unit (SZ, 80 to 100 cm lateral thickness), rich in clay and silt. It displayed 

typical signs of fluid circulation, as well as sheared, angular and broken pebbles (figure 11). In the 

fault gouge, typical indicators (C-S shear criteria) with elongated sigmoid-shaped paleo-soils 480 

lenses were observed. The contact between the gouge and the conglomeratic unit P is sharp with a 

70° south-west dip (see figure 11). Consistent with the observations on the VIN07 and VIN08 

geophysical surveys (figure 7), a thick sediment cover sealed the shear zone associated with the 

fault contact (figure 10A and 10B).  On both walls, we logged an erosive base (EB1 in figures 11 

and 12) between the top of the 150 cm-thick shear zone and the base of a fine-grained silt unit with 485 

thin inter-beds of angular to sub-rounded red/brown gravels. We propose that the U1 unit consists 

of fluvio-glacial deposits. On the southern wall, U1 displayed a thickness of up to 3 m, and we 

observed beds of gravels dipping slightly towards the south and no evidence of recent deformation. 

This unit is overlain by a channel (U9), up to 3 m-thick in its middle portion, with a clear erosional 

contact at its base (EB2 in figure 12). Unit U9 is composed of rounded yellow pebbles and gravels 490 

embedded in a fine-grained silt matrix. This channel displays imbricated pebbles with a southward 

dip in its lowermost part. Towards its upper section, U9 is interbedded with a horizontal layer (U9-

b, 30 cm-thick) consisting of a fine-grained silt lens. We also observed a wooden fire pit 

approximately 1 m below the ground surface. To the southwest, on both trench walls, several 

poorly consolidated channel units (U4, U5 and U6) with rounded to angular pebbles and gravels 495 
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in a sandy and silty matrix were identified as well as another erosive surface (EB3 in figure 12). 

These channel deposits are re-incised by a channel base (EB4 in figure 12), later filled by a fine-

grained unit (U7) more than 120 cm-thick. Another erosional surface (EB5, figure 12) was 

identified above U9 and U1 in the northeast part of the trench. Above the EB4 and EB5 erosive 

bases, we find several units (U2, U3, U8, U8b, U10, U10b, U11, U12 and U13) consisting of 500 

various interbedded loose channel deposits reaching up to 4 m in thickness. They contain 

brown/beige rounded gravels and pebbles mixed in a silty and sandy matrix, with rare larger 

boulders (> 75mm). A last erosive base (EB6, figure 12) was logged on top of them, marking the 

transition with the most recent soil layers. 

Similarly, the northern wall displays a shear zone, an erosive contact (EB1) and the same 505 

stratigraphic sequence of deposition as observed on the southern wall: the U1/U9 fluvio-glacial 

deposits and channels with EB2 sealing the shear zone with no indication of tectonic deformation, 

the U4/U5/U6/U7 channels and EB3 to the southwest lying below the EB4 erosional surface, and 

finally, the more recent channels (U2, U3, U8, U8b, U10, U10b, U11, U12 and U13) lying above 

the EB5 surface and below the most recent erosional surface EB6.  510 

Additionally, direct resistivity measurements and grain-size analysis have been performed in 

the trench (see table 2). The results, presented in the supplementary data, are coherent with the 

description above. 

 

5.3 - Stratigraphic age controls (14C and Optically Stimulated Luminescence) 515 

In order to constrain the chronology of unit deposition in trench T3, three OSL samples were 

collected in units P and U1 located at the bottom of T3. The preparation and measurement 

protocols of the USGS Denver laboratory were implemented for these samples (Sanderson and 
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Murphy, 2010; Rhodes, 2011) (see table 3 and figure S3 in the supplementary data). In addition, 

50 charcoal samples were collected, mostly in channel units. Twenty of these samples were 520 

selected for 14C AMS measurements performed by the Poznan Radiocarbon laboratory in Poland 

(see table 4). All radiocarbon age intervals have been calibrated using the OxCal software, and the 

cal. BP ages were calculated using IntCal 2013 calibration curves (Reimer et al., 2013) at 95.4% 

probability. 

The various OSL and 14C ages bring out six main chronological groups of stratigraphic units 525 

for T3, highlighted in the log interpretation by their colour schemes (figure 12). One OSL sample 

(MA16-OSL3) collected within the conglomeratic unit P gives an estimated age of 195.9 ± 30.8 

ka, providing a minimum age for the deposition of this unit (see supplementary data for more 

details). Until now this unit was described as related to Pliocene deposits. However, this new age 

raises the question of potential Late Quaternary reworking of Pliocene pebbles filling the 530 

Maragrate valley channels. Nonetheless, this age is derived from a single sample, and without 

further geochronological constraints on the surrounding conglomeratic outcrops we cannot remove 

this uncertainty. OSL samples MA16-OSL1 and MA16-OSL2, both collected in the fine-grained 

fluvio-glacial U1 unit, yield Central Age Model (CAM) ages of 19.4 ± 1.0 ka and 17.9 ± 0.7 ka, 

respectively. Unit U1 could be correlated with one of the glacial periods identified in the region 535 

(MIS 1, estimated at 17000-16000 cal. BP using absolute dating by Ollivier, 2006). These two 

OSL ages indicate a chronological gap between the deposition of the conglomeratic (P) and U1 

units, consistent with the presence of the EB1 erosive surface in our paleoseismic log. Charcoal 

sample C29, collected in unit U1, yields a calibrated age of 31-257 cal. BP. Similarly, two samples 

(C27 and C28), collected in unit P, yield ages between 31 and 455 cal. BP. These three samples 540 

are not in the correct stratigraphic order when compared to the OSL ages and the ages of detrital 
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charcoals located in upper stratigraphic positions (figure 12). We therefore suspect that these 

samples may be related to roots and we consider them as outliers. Four charcoal samples (C25 and 

C50 on the southern wall, C26 and C36 on the northern wall), collected in the U9 channel, yield 

ages between 9593 and 10430 cal. BP, indicating  that the channel was filled at the end of the last 545 

glacial period (Lisiecki and Raymo, 2005). Four detrital charcoals (C17, C39, C44, C49) collected 

within the channel units U7 and U4 yield ages between 1877 and 2925 cal. BP. Another set of 8 

charcoals, collected in the channels units U2, U3, U10, U10b and U14, suggest that a recent (< 

500 years) sediment infill rich in sand, gravel and boulders took place in the Maragrate watershed 

above erosive bases EB4 and EB5. Only one sample collected in unit U10 (C21) gives an age 550 

between 951 and 1063 cal. BP, which does not correspond to the expected stratigraphic order. 

Indeed, this detrital charcoal is located stratigraphically higher than the C35 sample (292-459 cal. 

BP) and stratigraphically lower than C19 (12 – 270 cal. BP) (figure 12). Considering the 

radiocarbon sample set is closely consistent with our interpretation, we suggest that sample C21 

may contain some 14C inheritance and/or has been reworked before deposition. Finally, one sample 555 

(C41) at an age of 31-255 cal. BP confirms that the uppermost soil layer consists of recent deposits, 

again in agreement with our preliminary paleoseismic interpretations.  

 

6 – Discussion 

 560 

6.1 - Geometry and chronology of sediment deposition: implications for deformation in 

the Maragrate area 
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Trenches T1, T2 and T3 display the same sequence of deposits: at the bottom we observe red 

clays (M) in contact with yellow conglomerates (P) via a shear zone (SZ). The shear zone is 

observed in all trenches, suggesting a continuity of the fault plane for at least a hundred meters. 565 

The fault planes (dipping 70°S) exhibit characteristics of deformation such as red clay material 

typical of fault gouges, C-S shear sigmoids. Moreover we notice numerous oriented or sheared 

pebbles along the fault plane, resulting from stress and deformation following deposition. Also, 

fault kinematics measurements in trenches T1 and T2 and C-S criteria in T3 suggest that this fault 

contact is characterized by strike-slip kinematics with a slight reverse component, which remains 570 

compatible with the geometry of the fault system. The top of unit SZ from trench T3 (figure 11) 

presents a dome shape. It is however difficult to evaluate if this preserved topography is the 

remnant of a topographic scarp later erased by the EB1 erosive base (figure 12). For this reason, 

we are unable to identify any co-seismic activity associated with the Quaternary deformation 

observed in the Maragrate fault in the paleoseismic trenches.  575 

The sediment thickness on top of the shear zone drops from 5 m in T3 to 1 m and 20 cm in 

T2 and T1 respectively, which confirms our geophysical interpretations. Moreover, the most recent 

trench T3 yields unique geochronological data that were not available for T1 and T2. Fifty charcoal 

samples were collected in T3 and twenty were dated, along with three OSL samples. This dataset 

allows a better constraint on the chronology of sediment deposition and tectonic activity in 580 

Maragrate valley (figure 12). The yellow conglomerates visible in all the three trenches were 

described until now as Pliocene conglomerates (between 2 and 5 Ma). Our dating for MA16-OSL 

3 provides a minimum age of 195.9 ± 30.8 ka for these conglomerates, implying that this unit had 

been deposited at least by the end of Marine Isotopic Stage 6 (MIS 6) and could correspond, in 

trench T3, to a channel deposit containing reworked Pliocene pebbles. However, we are aware that 585 
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this age is only based on a single sample with 18 measured aliquots (see supplementary data) and 

that this sample may be saturated or may have suffered from partial bleaching since its deposition. 

In addition, the sedimentological analysis from which the MA16-OSL3 sample was extracted 

shows very strong similarities to samples taken from undisturbed Pliocene outcrops, whereas one 

would expect a sedimentological change in the case of reworking (see supplementary figure S2). 590 

Without further analysis, we cannot resolve this chronological discrepancy and we therefore 

exclude this sample in predating the age of the fault activity in the trench. 

Unit U1 lying directly above the shear zone was dated at 19.4 ± 1.0 ka and 17.9 ± 0.7 ka 

(MA16-OSL1 and MA16-OSL2, respectively). This chronological control shows that U1 was 

deposited before the Holocene and confirms that we may have a long stratigraphic gap between 595 

the fault activity and the first deposits on top of the EB1 erosive level. U1 is not affected by tectonic 

features (fault, cracks, oriented pebbles) implying that this unit seals the past activity of the shear 

zone. We propose that the Maragrate fault has been reactivated at least once after the deposition 

of the conglomeratic unit P, thus post-dating the tectonic activity of the Maragrate contact at a 

minimum of 18 ka, which implies a long recurrence for this fault segment.  600 

 

6.2 - Geomorphological and tectonic relationship between the Maragrate fault and the 

Vinon thrust 

The lateral extension of the Maragrate fault remains uncertain. Using LiDAR, trenches and 

geophysical techniques, it is possible to map with certainty the N120° Maragrate fault over a length 605 

of approximately 700 m. While this length corresponds to the smallest possible extension of this 

fault, several hypotheses have to be postulated in order to estimate a larger extension. In its 

southeastward continuation, this fault may be connected to the south Vinon thrust segment, thus 
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extending the fault to 2.2 km in length (dotted line in figure 2). As suggested by our geophysical 

survey (profile B in figure 7), the fault could also continue to the northwest in the current Verdon 610 

alluvial plain, extending the segment for an additional kilometre, although more geophysical data 

are needed to corroborate this hypothesis.  

In our geological cross-section (figure 4), we connect the Maragrate fault segment to the 

northern Vinon thrust segment at ~500 m depth below the surface. While the Maragrate fault 

displays potential Quaternary (post-Pliocene) deformation as observed along a fault contact on a 615 

roadside and in paleoseismic trenches, the northern Vinon thrust segment provides no evidence for 

tectonic reactivation since the end of the Miocene. However, we noticed that the Maragrate fault 

is in geometric continuation with the south Vinon thrust segment (figure 2B). We therefore propose 

that the Maragrate fault could be related to a local fault partitioning, inhibiting the north Vinon 

thrust segment since the Miocene. Such a configuration is compatible with fault kinematic analyses 620 

and consistent with a strike-slip regime.  

The Maragrate segment remains a short and shallow fault and, if reactivated, has only 

produced earthquakes of moderate magnitude (i.e. Mw∼4) for a potential maximum length of 2 

km and a depth between 0.5 and 1.2 km (figure 4, if the fault is not connected to the north Vinon 

thrust segment) according to the empirical laws of Wells and Coppersmith (1994). In case of 625 

connection to the south Vinon thrust segment as well, the total surface fault trace could reach up 

to 5 km and the subsurface rupture length up to 2 km, resulting in maximum magnitudes of Mw∼5 

according to the empirical laws of Wells and Coppersmith (1994).  

 

6.3 - Local and regional long-term slip-rate estimations 630 
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From interpretative geological cross-sections (figure 5) and using the base of the Valensole 

formation as a stratigraphic marker, we estimate that the cumulative apparent vertical offset may 

reach up to 30 m along the Maragrate contact. This observation implies that the total geological 

offset has accumulated through a series of earthquakes since the deposition of the Valensole units. 

Because quantified tectonic offsets are missing in the most recent Quaternary formations, we 635 

extrapolate a long-term slip rate using the Valensole stratigraphic marker and assuming that the 

regional stress field has not experienced dramatic changes since the Miocene (Jomard et al., 2017). 

Given the loose chronological age for the Valensole formation dated between 2.6 and 1 Ma 

(Clauzon et al., 1989; Dubar et al., 1998), we deduce a slip rate ranging from 0.01 to 0.03 mm/yr. 

Yet, several limitations have to be considered regarding this slip-rate estimation. First, we are 640 

unable to estimate horizontal cumulative displacements due to the lack of preserved offset markers. 

Besides, it is currently not possible to estimate when and over how long this cumulative slip has 

been recorded.  

Nevertheless, this vertical rate is coherent with published slip rates in western Provence. For 

example, Godard et al. (2020) identified similar rock uplift rates in the Digne-Valensole basin only 645 

35 km to the north of Maragrate. There, the authors deduced a ∼0.021 mm/yr differential uplift 

velocity along a 10 km-transect, which is interpreted as related to active thrusting. Other slip rates 

ranging around 0.02 mm/yr (Siame et al., 2004) to 0.05 - 0.3 mm/yr (Chardon et al., 2005) have 

been proposed for the Middle Durance Fault system and the Trévaresse Fault, respectively.  

 650 

6.4 - Shear zone thickness and past tectonic activity 

As previously proposed in our geological cross-sections, the Maragrate fault is potentially 

short (less than 700 m) and shallow (500 m). We also were unable to measure co-seismic slips in 
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post-Pliocene units because the fault zone is sealed by erosive bases in each trench. However, the 

80 to 100 cm lateral thickness of the shear zone (SZ) raises the question of the recurrence and 655 

intensity of past deformation on this fault, and its compatibility with already documented empirical 

estimations for potential seismic events. Several studies compared fault displacements and fault 

thicknesses to total fault lengths (e.g. Robertson, 1983; Shipton et al., 2006). Hull (1988) presented 

empirical relationships between thickness of the fault gouge and displacement for various types of 

deformation zones in quartzofeldspathic rocks. The author found a linear correlation between these 660 

two parameters. These relationships illustrate the role of strain during displacement as well as the 

growth of fault zones with time. Kim et al. (2004) developed the concept of fault damage zones, 

thus not restraining the study of the impact of faults to their surface trace. This concept relates 

localized zones of deformation to the structures forming them (Choi et al., 2015; Peacock et al., 

2017). The damage zones usually form to accommodate strain or displacement variations along, 665 

around and between faults. Childs et al. (2009) compiled fault zone thicknesses against the 

displacement generated by seismic events produced on these faults. The relationship depends on 

the types of rocks involved but the authors demonstrate an overall clear increase in displacement 

with fault zone thicknesses. In the case of the Maragrate fault, the shear zone SZ (figure 12) 

consists of 80 to 100 cm-thick unconsolidated rocks and, according to the empirical study of Childs 670 

et al. (2009), this fault could generate coseismic slips ranging between 1 and 10 cm approximately.  

These estimations are coherent with coseismic magnitude estimations for the Maragrate fault 

based on the empirical laws of Wells and Coppersmith (1994) mentioned in section 6.2, and also 

coherent with previous surface ruptures in France. Despite the lack of evidence for surface ruptures 

reported after the 1909 Lambesc earthquake, paleoseismic investigations show that the coseismic 675 

offsets associated with past surface ruptures range from 19 cm to 27 cm, which could correspond 
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to Mw 6.2 to 6.4 earthquakes for the Trévaresse fault (Chardon et al., 2005). On November 11th 

2019, the Mw 4.9 Le Teil earthquake occurred at a very shallow focal depth on a southeast-dipping 

reverse-fault. Field surveys and InSAR analysis show evidence for a discontinuous surface rupture 

with a length of about 5 km and up to 15 cm of co-seismic uplift (Ritz et al., 2020). However, 680 

detailed geomorphic analysis of a 25-cm-resolution DEM obtained from a LiDAR survey, carried 

out only 10 days after the earthquake, failed to yield complete evidence of surface ruptures. These 

recent investigations show that seeking out past earthquakes in metropolitan France is very 

challenging and that evidence of small co-seismic offsets is likely erased from the landscape in a 

few years. At the Maragrate site, we know that the topographic surface has been exposed and 685 

eroded over a period of at least 20,000 years, that recurrence times are very long and coseismic 

slips are probably small. For all these reasons, it is difficult to document the area’s tectonic activity 

via classical geomorphological analysis. 

 

6.5 - Possible influence of salt tectonics on post-Pliocene deformations 690 

The majority of instrumental seismic events recorded in Provence are shallow and raise the 

question of the influence of salt tectonic deformations (e.g. Bollinger et al., 2010; Bestani et al., 

2016). Indeed, salt tectonic structures related to Triassic deposits from the Jurassic to the late 

Cretaceous have been described and may have played a role during the reactivation of inherited 

fault systems during the Pyrenean and Oligocene tectonic phases (Jannin, 2011; Bestani et al., 695 

2015). Interestingly, from our geological interpretation, the Maragrate fault is a shallow structure 

rooted in Triassic sediments.  

Many studies document the importance of salt tectonics in the deformation processes of 

different regions worldwide (e.g. Rowan and Vendeville, 2006; Callot et al., 2012; Masrouhi et 
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al., 2013). For example, in Arctic Canada, Harrison and Jackson (2014) recognize the role of 700 

evaporite diapirs on Axel Heiberg Island. The authors document thinning and angular 

unconformities of diapirs, which they interpret as regional shortening. In the southern Pyrenees, 

Saura et al. (2016) describe various tilted basins and flaps related to the fall of large salt pillows 

during the late Santonian. In Turkey, Kergaravat et al. (2016) document a salt canopy that had a 

major influence in the development and evolution of sedimentary basins. The North African 705 

orogen is also recognized as involving salt in its deformation and evolution (Masrouhi et al., 2014; 

Moragas et al., 2018). 

In Provence, it is proposed that the deformation of the sediment cover east of the MDFS 

results from deep-seated basement thrusts associated with cover décollements and salt tectonics 

(Tempier, 1987; Rangin et al., 2010; Espurt et al., 2012, 2019; Bestani et al., 2015, 2016). 710 

Similarly, salt tectonic structures are found beneath the Bandol and Sainte-Baume thrusts in 

Provence (Bestani et al., 2015). Bollinger et al. (2010) document the influence of aquifer elastic 

loading, pore pressures and hydrological mechanisms on salt diapirs in southeastern France, in 

Castellane, only 60 km to the east of Vinon-sur-Verdon. These various forcings lead to seismic 

events of moderate magnitude (∼ ML 5) and shallow sources (∼ 1 km). Around Vinon-sur-Verdon, 715 

successions of Triassic evaporites are mapped and, from interpretative geological cross-sections, 

we propose that the Vinon thrust and the Maragrate fault could root into the Triassic evaporites 

approximately 1.2 km below the surface (figure 4). In this regard, salt-related features may have 

influenced Quaternary tectonic deformations of the Vinon fault  system.  

Furthermore, being located at the border of the Messinian canyon of the Durance-Verdon 720 

system, the Maragrate fault may also have played a role in the local deformations observed at 

Maragrate due to local gravitational phenomena: creep and/or compaction of Pliocene filling 
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sediments of the Messinian canyon at the time of, or just after, their deposition. Or more recently, 

local landslide phenomena on the borders of Quaternary hydrological re-incisions. These 

phenomena alone can hardly explain the features of the sheared zone observed in the trench, but 725 

could be involved in the most recent deformations occurring on a pre-existing tectonic fault. There 

is, however, no expression of a gravitational lobe visible on the high resolution LiDAR topography 

to strongly back this theory. 

 

6.6 - Local and regional sediment accumulation and incision cycles 730 

The incision and sedimentation cycles have been reconstructed in detail since 55 ka in the 

Luberon southern foreland basin (figure 13) and compared to those more recently reported by 

Ollivier (2015) for Provence and the Southern Alps. The accumulation and incision phases 

identified for the Postglacial time period give a framework that can be compared with our 

observations in Vinon-sur-Verdon (figure 13). Five groups of geological units (excluding the most 735 

recent soil), differentiated by their colour scheme on the geological logs, are described (figure 12). 

From top to bottom, the most recent channel units dated at ∼400 cal. BP, followed by pebble-rich 

channels at ∼2,500 - 2,000 cal. BP, the U9 pebble-rich channel unit at ∼9,600-10,400 cal. BP, and 

later the periglacial fine-grained unit U1 at ∼18-19 ka. These groups of stratigraphic units lie in 

discordance above erosional bases that cannot be precisely dated and can therefore only be 740 

assumed as older than the overlying sediments. The age constraints available in trench T3 display 

a certain consistency between local and regional accumulation in the region, validating our log 

interpretations and agreeing with our chronological dating (figure 13). These observations of 

regional incision and erosion in Provence could possibly be linked to climate variations during the 
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Holocene (Ollivier, 2015) or to the ever-increasing pressure of human activity on the environment 745 

during the last several millennia.  

These high incision/accumulation rates also raise the question of how recent tectonic scarps 

may be preserved in the morphology for more than a few thousand years. This is a critical aspect 

as active faults may have very long recurrence times (i.e. > 10 ka, Cushing et al., 2008; Bellier, 

2014) and are associated with small coseismic offsets (i.e. a few tens of centimeters). In this regard, 750 

topographic scarps and evidence of past deformation are erased or buried in the present topography 

of Provence, thus leading to an underestimation of the potential sources for moderate seismic 

events. Moreover, we know that the absence of earthquakes (M>6) in the instrumental or historical 

records does not truly represent the full spatial extent of the deformation.   

  755 

7 - Conclusion 

 

In intra-plate regions accommodating low strain rates, the seismological potential of active 

faults is usually debated. In this study, we provide an original and multi-disciplinary approach in 

southeastern France, in an area of slow tectonic deformation, where historical destructive 760 

earthquakes are few and instrumental seismicity is weak. Such areas are challenging in terms of 

paleoseismic studies, because erosion rates quickly erase topographic markers recording small and 

rare tectonic deformations. In order to provide new insight into this problem, we implemented 

high-resolution LiDAR surveys, geomorphological mapping, electrical geophysical investigations, 

neotectonic logging and sampling, grain-size analysis as well as 14C and OSL dating to study past 765 

deformation in the Maragrate area in Vinon-sur-Verdon. In the vicinity of a fault zone showing 

post-Pliocene evidence of tectonic deformation, we observe on the LiDAR DEM a topographic 
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scarp neither visible on the field nor detected using classical remote-sensing techniques. This 300 

m-long morphological scarp likely results from differential erosional processes but highlights the 

presence of the Miocene/Pliocene fault trace as suggested by electrical geophysical surveys. This 770 

trace cannot be observed with the LiDAR DEM through the Maragrate valley because of recent 

incisions and alluvial deposits. Yet, despite the removal of vegetation and human structures using 

LiDAR techniques, detecting evidence of cumulative geomorphic offsets in this area remains 

challenging. Geophysical investigations were carried out in the Maragrate area evidencing the 

geometry of deposition in the first 10-15 m below the surface. The geophysical survey helped us 775 

to pinpoint a location for a new paleoseismic trench, given the restrictions posed by authorizations 

for excavation.  

The Maragrate fault exhibits deformation in trenches as attested by a thick shear zone 

incorporating typical fault gouge sediments and sheared pebbles. The fault termination is sealed  

by a fluvio-glacial unit, dated at approximately 18-20 ka. There is no evidence of a coseismic slip 780 

associated with these deformations, probably erased by successive episodes of incision and  filling 

of stream channels of the Maragrate valley as observed in a trench. We conclude from these 

observations that the Maragrate fault has experienced no deformation since at least 20 ka, implying 

a long recurrence time between earthquakes or no more activity in the Late Quaternary. However, 

an older deformation, coseismic or pervasive, has been highlighted. It is difficult to estimate or 785 

predate the age of the last deformation. The OSL dating method, applied on one sample, suggests 

an age of 200 ka or older.  

This study illustrates the challenges we have to face when working in very slow-

deformation areas and offers food for thought for studying sediment deposition and deformation 

chronologies by bringing together complementary and recently developed methods. In the wake 790 
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of the 2019 November 11th earthquake near Le Teil, a relatively large earthquake for metropolitan 

France, such methodologies could prove essential to better understand the seismic hazard in low-

strain areas where tectonic activity was underestimated. 
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Figures captions 

 1155 

Fig. 1 – Geological map of Provence displaying geology, major faults and mountain ranges 

(modified from Molliex et al., 2011). Historical (SisFrance, e.g. Scotti et al., 2004) and 

instrumental (SI-Hex catalogue, data from 1963 to 2009, Cara et al., 2015) seismicity is displayed, 

as well as the location of various paleoseismological studies (Neopal catalogue).  

 1160 

Fig. 2 – (A) Digital elevation model (DEM) map displaying the area over which high-resolution 

LiDAR data (30 cm per pixel) were generated for this study. (B) Geological map based on the 

CEA geological map (Hollender et al., 2014). The north-south black line corresponds to the 

geological section in figure 4. The dotted rectangle corresponds to the area displayed in figure 3 

and figure 6. The orange star represents the area where two knickpoints are observed on the south 1165 

Vinon thrust segment. 

 

Fig. 3 – The Maragrate area in Vinon-sur-Verdon. (A) Geomorphological map of the Maragrate 

area located near the centre of Vinon-sur-Verdon. The contour interval is 5 m. Black lines depict 

the three north-south geological sections (figure 5), and the blue dot shows drill hole 1170 

BSS002HBZG. (B) Shaded relief LiDAR DEM (30 cm resolution) displaying the Maragrate 

erosive scarp, indicated by black arrows. (C) Photograph of the Maragrate contact from the 

roadside (see B inset for picture location) showing the red Miocene clays in abnormal contact with 

the Pliocene yellow conglomerates. 
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Fig. 4 - North-south geological cross-section of the north Vinon thrust segment and the Maragrate 

fault. See figure 2B for section location. 

 

Fig. 5 - North-south geological cross-sections of various scales, centred on the Maragrate fault. 

See figure 3A for location and corresponding numbering. 1180 

 

Fig. 6 – (A) Orthophotograph of the Maragrate area in Vinon-sur-Verdon, depicting the dense 

vegetation and urbanization. (B) Shaded relief LiDAR DEM with a 30-cm resolution displaying 

the N120° orientated Maragrate fault scarp, as highlighted by black arrows, visible under the 

vegetation. Same footprint as inset A. 1185 

 

Fig. 7 – (A) Electrical tomography profiles in Vinon-sur-Verdon. Black arrows indicate the 

morphological scarp of the Maragrate contact. The locations of the six profiles are shown on the 

LiDAR shaded DEM. Each profile is associated with a letter corresponding to the equivalent inset. 

VIN01, VIN02, VIN04, VIN06 and VIN07 have an electrode spacing of 2 m and are 127 m in 1190 

length, whereas VIN08 has an electrode spacing of 1 m, resulting in a 63 m-long profile. 

 

Fig. 8 – Map of the Maragrate area showing the extents of trenches T1, T2 and T3. See figure 3 

for locations and geological information. 

 1195 

Fig. 9 – T1 and T2 paleo-seismological trenches. (A) Geological logs of T1 and T2. Dashed boxes 

correspond to the pictures on inset B. (B) Interpreted pictures of trenches T1 and T2 displaying 

various morphological features such as fractures. 
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Fig. 10 – Trench T3 was opened along a N°50 direction. Both walls of the trench are displayed 1200 

and are referenced as the south and north walls respectively. Stratigraphic units are described in 

table 1. A- South wall of the trench. 1: Electrical profile VIN08 (see figure 7). 2: Orthophoto-

mosaic compiled with Agisoft Photoscan software (http://www.agisoft.com) using pictures taken 

from the trench’s south wall. Locations of 14C and OSL samples are depicted. 3: Geological log of 

the trench with 14C and OSL sample locations. B- North wall of the trench. 1: Electrical profile 1205 

VIN08 (see figure 7). 2: Orthophoto-mosaic compiled with Agisoft Photoscan using pictures from 

the trench’s north wall. Locations of 14C and OSL are depicted. 3: Geological log of the trench 

with 14C and OSL sample locations. 

 

Fig. 11 – (A) Zoom on trench T3 south wall shear zone. (1) Photograph of sheared pebbles located 1210 

in the shear zone of the trench. (2) Photograph of sigmoid lenses of paleo-soil located in the shear 

zone of T3. (B) Interpretation and paleoseismic logging.  

 

Fig. 12– (A) South wall of the Vinon-sur-Verdon trench, with 14C and OSL sample ages in cal. BP 

and BP respectively. Refer to figure 10 for units name. (B) North wall of the Vinon-sur-Verdon 1215 

trench, with 14C and OSL sample ages in cal. BP and BP respectively. Refer to figure 10 for unit 

names. 

 

Fig. 13 – Sediment accumulation and erosion cycles as observed and dated in trench T3 in Vinon-

sur-Verdon and as measured in other locations in Provence (adapted from Ollivier, 2015). Both 1220 

the observed sediment accumulation/incision and the averaged sediment accumulation/incision are 



4 

displayed. The various groups of geological units logged in T3 can be correlated with either the 

observed or averaged sediment accumulation phases in Provence. Colours correspond to the colour 

scheme on the paleoseismic logs inn figure 10 and figure 12. 

 1225 
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Tables captions 

  

Table 1 – Sedimentological description of each named unit in trench T3. Results of direct 

resistivity measurements performed in the trench are displayed.   1230 

 

Table 2 – Weight percentages of the clay, silt and sand fractions for the 19 grain-size samples 

tested in this study (locations in figure A). In order to obtain comparable percentages, the total 

weight of each sample has been brought to 100 grams. 

  1235 

Table 3 – Quartz OSL data and ages measured from trench T3. NC means that Minimum Age 

Model ages were not calculated for OSL3. a. Field moisture; values in brackets indicate complete 

sample saturation %. Dose rates calculated using 25% of the saturated moisture (i.e. 5 (30) = 30 x 

0.25 = 8). b. Analyses obtained using high-resolution gamma spectrometry (high purity Ge 

detector). c. Includes cosmic doses and attenuation with depth calculated using the methods of 1240 

Prescott and Hutton (1994). Cosmic doses were between 0.13-0.11 Gy/ka. d. Number of replicated 

equivalent dose (De) estimates used to calculate the equivalent dose. Figures in brackets indicate 

total number of replicated De. e. Defined as "over-dispersion" of the De values. Values >30% are 

considered to be poorly bleached or mixed sediments. f. Dose rate and age for fine-grained 90-125 

μm sized quartz. Exponential and linear fits were used. 1245 

 

Table 4 – 14C samples collected in the Vinon-sur-Verdon trench. Charcoal origin species are 

indicated. 
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Supplementary data 

 1250 

S1 - Additional geological sections 

 

Alternative versions of geological sections from figure 4 and figure 5 including Messinian 

sediments have been produced (figures S1a and S1b). These versions include the hypothesis of the 

presence of Messinian sediments that have not been observed at the surface but could be present 1255 

at depth in the case of the presence of a Messinian canyon in the study area. 

 

S2 - Additional paleoseismic investigations 

 

1 - Direct resistivity measurements 1260 

In order to test the coherence of geophysical investigations detailed in section 4, direct resistivity 

measurements were carried out in trench T3 walls for some of the stratigraphic units using an 

ABEM Terrameter SAS4000 in resistivity mode. The resistivity values measured directly in the 

unconsolidated/loose units of trench T3 are in agreement with the electrical profiles (in the 60-400 

ohm.m range or more) described above (see table 1 for more details). For example, the U9 channel 1265 

has an electrical resistivity measured at 829 ohm.m, probably corresponding to the high-resistivity 

patch on profile VIN08 (figure 7 and figure 10). Similarly, the U7 unit has a resistivity of 80 

ohm.m and corresponds to a low-resistivity patch on VIN08, thus validating our geophysical 

measurements and allowing a good correlation between observations resulting from these two 

methods. 1270 
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2 – Grain-size investigations 

Grain-size measurements were performed to obtain the mass distribution of the different logged 

units (figure 12) based on sediment grain sizes. 17 samples were collected in the various units of 

trench T3 and two additional samples were collected within the Pliocene conglomerate outcrops 1275 

in the direct vicinity of the trench site (see location in figure 8). One sample was picked up on the 

roadside southeast of the trench and a second one in an abandoned quarry directly west of the 

trench site. 

All of the sediment samples displayed heterogeneous grain-size distributions with particle 

diameters ranging from clays to boulders (figure S2). No single analytical methodology enables to 1280 

acquire the size distribution for such a broad spectrum. The diameters were obtained from the 

combination of two techniques: sediment mass distribution for coarser sediments and laser 

diffraction for clays and silts. The coarser fraction, from sands to boulders, was investigated using 

sediment mass distribution through humid and dry sieving. The finer, silt and clay, fractions were 

distinguished with laser diffraction in order. Each sample was separated into two fractions: a few 1285 

grams for laser and more than 500 g for sieving. The laser diffraction samples were sieved to 

remove the > 63 μm fraction, dipped in a deflocculating solution at 3‰ in a beaker and aliquoted 

into the vortex before analysis. The analyses were performed on a Beckman-Coulter LS 13 320 

laser following the procedure described in the literature (Blott and Pye, 2006; Ghilardi et al., 2012). 

This method provides high-resolution size particle spectrum acquisitions for particle diameters 1290 

ranging from 0.04 to 2000 μm using two optical analytic systems. First, from 0.4 to 2000 μm, a 

measurement of laser diffraction is performed (λ=750 or 780 nm) with 126 photodiode detectors 

grouped in three domains (for high, medium and low angles). Second, particles in the 0.04 to 0.4 

μm range are detected by the PIDS (Polarized Intensity Differential Scattering) where light is 
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filtered to transmit only three wavelengths (λ=450, 600 and 900 nm) and goes through two 1295 

perpendicular polarizers.  

The measured diameters with the two methods have been combined to estimate the proportions of 

clays, silts, sands and pebbles. In this study, we only comment on these fractions because field 

limitations made it impossible to collect quantities of boulder material high enough to be 

statistically representative (Bunte and Abt, 2001). The results are compiled in table 2. 1300 

Uncertainties are usually of ±2% for the sediment mass initially weighed for the sieving analysis 

and less than 1% on the aliquot sub-sampling (Ghilardi et al., 2012). We propose here the 

reconstruction of a full grain-size distribution for each sample (from 1 μm to 90 mm). Although 

this exercise includes uncertainties relative to the two different analyses techniques used, it 

provides the relative proportions of the sediment textures.  1305 

We note the overall coherence of grain-size investigations in trench T3. Indeed, samples collected 

within each main unit, differentiated in the log by their colour schemes, display similarities in the 

distribution of particle diameters (figure S2). The conglomerate unit (P) at the bottom of the trench 

is very similar to the two Pliocene conglomerate samples from nearby outcrops, with a relatively 

high sand fraction and lower clay and silt content, tending to acknowledge the likely Pliocene 1310 

origin of the P unit in T3. In order to have a dense dataset, unit U1 unit has been sampled four 

times. The three samples located to the east display a similar grain-size distribution (G-U1-a, G-

U1-b and G-U1-c) whereas G-U1-d, to the west, has a lower sand content (25% against 50%). 

Moreover, the orange/red sub-unit U1b embedded in the U1 loess has the same silt proportions 

(approximately 40%) as the red clays of unit M, logged as Miocene sediments. The G-U1b sample 1315 

is also similar to samples G-U1-a, G-U1-b and G-U1-c, indicating a probable reworking of the U1 

and M units. This could explain the orange fabric observed in the trench within U1b. The G-U4, 
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G-U5 and G-U6 samples from the channel units in green on the log (figure 12) have comparable 

grain-size distributions, even though G-U5 is richer in silts and poorer in sands. However, fine-

grained unit sample G-U7 is richer in clays and silts, supporting the channel hypothesis. The most 1320 

recent channel units in blue on the log (G-U2, G-U3, GU10-a and G-U10-b) have similar clay 

content but vary in sand and silt content. 

 

S3 - Additional geochronological information 

 1325 

1 - OSL investigations 

Central Age Model (CAM) ages and Minimum Age Model (MAM) ages were calculated for two 

OSL samples (MA16-OSL1 and MA16-OSL2), resulting in minor age differences (see Galbraith 

and Roberts, 2012 for more information). For MA16-OSL1, we only exclude one of the equivalent 

dose (De) at ~140 Gy, which we interpret as related to not well-bleached grains. For MA16-OLS2, 1330 

all aliquots were used to determine the final De. For MA16-OSL3, 18 aliquots were analyzed. The 

distribution of the De shows three grain populations around 30 Gy, 210 Gy and 350 Gy, which 

resulted in a 41% scattering (figure S3 and table 3). The first population of grains presents low De 

values similar to those observed in samples MA16-OSL1 (~34.0Gy) and MA16-OSL2 (~30.6 Gy), 

collected from unit U1 located stratigraphically above the conglomerates. We suspect that these 1335 

De may correspond to intrusive grains mixed into the original deposit (P) through some post-

depositional processes. We therefore exclude them from our final De determination, resulting in a 

scattering of only 12%. In addition, we observed possible saturation in the luminescence signal of 

the decay curves for a few aliquots. Given the fact that it is impossible to sort out the degree of 

saturation, we consider the age of 195.9 ± 30.8 ka as a minimum age. 1340 
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2 - Charcoal analysis under the microscope 

Charcoal samples were analyzed under a microscope to determine their source vegetation species 

(table 4) and investigate the evolution of ground occupation in the study area since the beginning 

of the Holocene. Past landscapes reconstructed by charcoal identification in different stratigraphic 1345 

layers of the T3 trench are substantially the same as those observed today. They belong to 

deciduous and evergreen forests. The degraded samples C43 and C50 were difficult to identify due 

to their poor state of conservation. The other samples revealed forest trees (deciduous oak, 

evergreen oak) and understorey or open environment shrubs (steep slopes, clearings) (Cistus, 

Buxus, Cotinus, Acer). Cistus (Cistus) and boxwood (Buxus) extensions are strongly correlated to 1350 

human activities such as fire or grazing. In conclusion, our charcoal analysis is insufficient to 

reveal a change in vegetation cover through time. The landscape seems to remain characteristic of 

Mediterranean ecosystems from the bottom to the summit (Vernet, 1997), indicating that the 

sediment incision and accumulation cycles deduced from our observations and dating did not 

impact the surrounding vegetation during the last several millennia. 1355 

 

 

 

Fig. S1a - North-south geological cross-section of the north Vinon thrust segment and the 

Maragrate fault including possible Messinian sediments from the Durance-Verdon hydrographic 1360 

system. See figure 2B for section location. 
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Fig. S1b - North-south geological sections of various scales, centred on the Maragrate fault 

including possible Messinian sediments from the Durance-Verdon hydrographic system. See 

figure 3A for location and corresponding numbering. 1365 

 

Fig. S2 - Ternary diagram of the grain-size distribution of sediment samples collected on the 

southern wall of trench T3. The respective weight percentages of the clay, silt and sand fractions 

are displayed. Sample colours correspond to the colour scheme of their origin unit as displayed in 

figure 10. The location of each sample in the trench is visible on the bottom log. The locations of 1370 

the Pliocene quarry and road grain-size samples are depicted in figure 8. For more information on 

the grain-size fraction percentages, see table 2. 

 

Fig. S3 - Dose (Gy) against Lx/Tx parameter and dose (Gy) probability density for MA16-OSL1, 

MA16-OSL2 and MA16-OSL3. 1375 
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Stratigraphic Unit Elements Matrix (%)

P Rounded pebbles and gravels up to 10cm Sand - Silt (20%)

SZ No elements Clay (100%)

M Small gravels (up to 2cm) Clay (95%)

U1 Angular gravels (up to 3cm) Clay - Silt (80%)

U1b Gravel and angular pebbles (up to 3cm) Clay - Silt (80%)

U2 Rounded pebbles (0.5 - 10cm) Sand - Silt (80%)

U3 Rounded pebbles (0.5 - 20cm) Sand - Silt (50%)

U4 Rounded pebbles (up to 10cm) Clay - Silt (20%)

U5 Rounded pebbles (up to 10cm) Silt (20%)

U6 Rounded pebbles (up to 15cm) Silt (20%)

U7 Sparse angular gravels (up to 2cm) Clay (>99%)

U8 Graded bedding with rounded pebbles (up to 5cm) Sand (2%)

U8b Graded bedding with rounded pebbles (up to 10cm) Sand (2%)

U9a Gravel and pebbles (up to 10cm), sand lenses Silt - Sand ( 50%)

U9b Rare gravels Silt - Sand (95%)

U9c Gravel and pebbles (up to 10cm), sand lenses Silt - Sand ( 50%)

U10 Rounded gravels and pebbles Clay - Silt (70%)

U10b Rounded blocks, gravel and pebbles Clay - Silt (50%)

U11 Angular gravels and pebbles Clay - Silt (50%)

U12 Rounded gravels and pebbles (up to 5cm) Clay - Silt (20%)

U13 Rounded gravels and sparse rounded pebbles (up to 8cm) Sand - Silt (80%)

U14 Rounded gravels and pebbles (up to 10cm) Sand - Silt (80%)

1
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Color Resistivity (ohm.m)

Yellow - Grey 166

Red N/A

Red - Orange 74

Yellow - Beige 106

Beige - Orange N/A

Red - Brown 445

Red - Brown N/A

Brown - Beige 516

Grey - Beige 300

Beige 449

Beige - Yellow 80

Red - Brown N/A

Red - Brown N/A

Beige - Yellow 826

Beige - Brown N/A

Beige - Grey N/A

Beige - Brown 81

Beige-Brown N/A

Brown - Red N/A

Brown - Red N/A

Brown N/A

Brown N/A
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Sample Clay Silt Sand

G-P 10.99 30.64 58.37

P Quarry 5.35 32.86 61.79

P Road 10.11 37.12 52.78

G-SZ 24.66 38.74 36.60

G-M 23.41 36.46 40.13

G-U1-a 15.97 46.65 37.38

G-U1-b 14.05 47.84 38.11

G-U1-c 8.44 50.98 40.58

G-U1-d 14.39 27.33 58.28

G-U1b 6.45 41.31 52.24

G-U2 9.57 29.80 60.64

G-U3 16.05 44.98 38.97

G-U4 8.74 35.18 56.08

G-U5 16.39 45.00 38.61

G-U6 4.66 34.49 60.86

G-U7 22.49 57.84 19.67

G-U9 9.29 67.50 23.21

G-U10-a 10.36 31.77 57.87

G-U10-b 14.35 59.61 26.04
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Sample % Water K (%)
b

U (ppm)
b

Th (ppm)
b

Total Dose Equivalent Dose Age 

information content
a

 (Gy/ka)
c

(Gy) (ka)
e

n
d

Scatter
e

MA16-OSL1 5 (30) 0.82 ± 0.03 1.84 ± 0.23 6.31 ± 0.44 1.74 ± 0.09 34.0 ± 1.4 19.4 ± 1.0 18 (19) 14%

MA16-OSL2 4 (42) 0.82 ± 0.03 2.02 ± 0.20 6.24 ± 0.34 1.71 ± 0.07 30.6 ± 0.8 17.9 ± 0.7 18 (18) 12%

179.6 ± 6.3 149.7 ± 12.1 15 (18) 41%

235.0 ± 14.9 195.9 ± 30.8 13 (18) 12%0.57 ± 0.032 (18)MA16-OSL3

Central Age Model (CAM)

1.20 ± 0.064.53 ± 0.300.91 ± 0.14
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Equivalent Dose Age

(Gy) (ka)
f

28.8 ± 4.6 16.5 ± 1.1

26.8 ± 2.5 15.4 ± 0.9

NC NC

NC NC

Minimum Age Model (MAM)
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Sample Unit Wall Trench location Sample size

 Non-calibrated

 age (BP)

Uncertainty

(years)

Cal. BP age 

(years)

Calibrated age

(at 95.4%)

C3 U3 North C11 1,5*1 cm 130 30 9 - 275 1675AD - 1942AD

C10 U3 South C10 0,5*0,5 cm 115 30 12 - 270 1680AD - 1939AD

C17 U10 South B16 1*1 cm 1985 30 1877 - 1995 47BC - 74AD

C18 U2 North D10 2*1 cm 280 30 284 - 437 1498AD - 1795AD

C19 U10 South B12 0,2*0,3 cm 115 30 12 - 270 1680AD - 1939AD

C21 U10b South C12 0,5*0,5 cm 1100 30 951 - 1063 887AD - 1013AD

C25 U13 South A3 > 2 cm 8910 50 9887 - 10203 8255BC - 7846BC

C26 U12 North A1 2*1 cm 9140 50 10219 - 10430 8534BC - 8271BC

C27 P South D9 0,1*0,2 cm 255 35 148 - 435 1515AD - …

C28 P South D9 0,3*0,5 cm 25 30 31 - 255 1696AD - 1919AD

C29 U1 North C7 1 *0,2 cm 45 30 31 - 257 1694AD - 1919AD

C35 U2 South D11 2*1 cm 295 30 292 - 459 1491AD - 1659AD

C36 U9 North B2 0,2*0,1 cm 8820 100 9593 - 10180 8232BC - 7615BC

C37 U2 North B8 0,2*0,1 cm 340 30 311 - 480 1470AD - 1640AD

C39 U3 North D13 < 1mm 2720 50 2750 - 2925 977BC - 801BC

C41 U10 North A11 3*2 cm 35 30 31 - 255 1695AD - 1919AD

C43 U10 North A11 1*0,5 cm 75 30 27 - 259 1690AD - 1925AD

C44 U7 North B16 2*1 cm 2050 20 1947 - 2064 166BC - 20AD

C49 U7 South C15 0,2*0,1 cm 2445 35 2358 - 2703 755BC - 409BC

C50 U13 South A2 3*3 cm 8890 50 9883 - 10190 8242BC - 7836BC
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Identification

Undertermined (parenchyma)

Deciduous oak (cf Quercus pubescens )

Deciduous oak (cf Quercus pubescens )

Buxus sempervirens  (Boxwood)

Deciduous oak (cf Quercus pubescens )

Undetermined charcoal

Not determinable hardwood (Angiosperm)

Juniperus sp.  (Juniper. Identification to the species is impossible)

Deciduous oak (cf Quercus pubescens )

Acer sp. (Maple. Identification to the species is impossible)

Juniperus sp. (Juniper. Identification to the species is impossible)

Cistus  sp. (Rockrose. Identification to the species is impossible)

Not determinable hardwood (Angiosperm)

Undetermined charcoal

Undetermined charcoal

Cotinus coggyria  (« Wig tree »)

Sclerophyllous oak : evergreen oak (Quercus ilex ) or Kermes oak (Q. coccifera )

Deciduous oak (cf Quercus pubescens )

Sclerophyllous oak : evergreen oak (Quercus ilex ) or Kermes oak (Q. coccifera )

Undetermined (parenchyma)
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