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Section 2.2- Geometry and chronostratigraphy of alluvial and glacial deposits 

2.2a- Geometry and chronostratigraphy of alluvial deposits 

Alimen (1964) showed Fv deposits to be similar to the Fw deposits but more weathered. Fw is poorly preserved 60 m above the Aspe River to the west of Asasp and in the Herrère plain (Fig. 2 and A1). It is made up of 3-4 m of sorted gravels and pebbles with interbedded lenses of sand e.g. Alimen, 1964()
. The blocks and pebbles of plutonic basement are strongly weathered and the matrix is oxidized Gangloff et al., 1991()
. However, the degree of weathering and the elevation of this terrace allow a correlation with a better developed Fx terrace remnant in the Herrère plain that stands 30 m above the valley floor and 70 m above the Ossau River. Downstream of Oloron Sainte Marie, the Fx terrace can also be correlated with a continuous 4-km-wide terrace remnant 60 m, lying above the river level that can also be assigned to Fx.

The Fx terrace is well developed at Gurmençon, where it attains a width of 2 km (Fig. 2). Weathering is slight (micas, illite and chlorite are abundant with few vermiculites, Hubschman, 1984) and calcareous clasts are preserved. It is capped by a brown soil. In contrast to the Fw strath terrace, Fx is a fill terrace. As the Aspe River is still flowing on terrace deposits, the thickness of the alluvial deposits exceeds 35 m. By means of a geophysical survey, Lacan et al. (2012)
 showed that 10 to 15 m of alluvium are still buried under the river at Asasp 8 km upstream from Gurmençon (Fig. 2). Therefore, the thickness of Fx at this locality reaches 50 m. Nevertheless, downstream of Oloron Sainte Marie, the thickness of Fx is less than 30 m since the river flows over the geological bedrock Castéras et al., 1970()
. The Fx terrace deposits make up the valley floor of the Herrère plain. Near Buzy (Fig. 2), it is connected to the Arudy moraine front by a steep transitional fluvio-glacial fan. This feature is not recorded in the Aspe valley, where Fx is more highly dissected.

Entrenched in Fx, the Fy (a and b) stepped terraces stand only 28 m above the present-day river near Gurmençon (Fig. A1-A). Fy is a cut-in-fill terrace at Gurmençon (Fig. A2).  We could not differentiate the base of Fy from the Fx deposits. To the north of Asasp, however, Fy lies above the geological bedrock and shows a thickness of only a few metres. On the map, Fx appears to be a few kilometres wide, while Fy is represented only by a narrow strip along the river.  On the ground, these terraces consist of very poorly sorted boulders, pebbles, cobbles and gravels. The clayed brown matrix is lacking of bedding and fabric. These facies attest of a high-energy depositional environment. Terraces differ by the cohesion of their matrix, Fx is harder than Fy. 

Geological maps of the area ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(sheets of Oloron Sainte Marie, Laruns Somport and Pau; Castéras et al., 1970; Goguel, 1963 Ternet et al., 2004)
 use the chronostratigraphic scale proposed by Alimen (1964). This scale is based on the petrography, granulometry, weathering and pedogenesis of the deposits, and is anchored on the Alpine chronostratigraphy defined by Penck and Brückner (1901-9)
 and Schaefer (1953)
. Fw is ascribed to the Mindel glaciation due to its high degree of weathering and the presence of red soils, as in the Alps. Fx is ascribed to the Rissian and Fy to the Würmian. 

Subsequent analysis took into account the composition of the fine fraction (granulometry, Fe content, clay mineralogy) and the mechanical properties of pebbles to draw up a more accurate map of terrace remnants Hubschman, 1974(; Icole, 1974)
. Würmian deposits MIS 2 -MIS 5d interval; Martinson et al., 1987()
 are weakly weathered, sandy and associated with leached acid brown soils. The thickness of the weathering profile reaches 5 m in the case of the Rissian deposits MIS 6 stage; Martinson et al., 1987()
. The matrix is ochre-brown, slightly enriched in clay and ferric iron. The coarse fraction contains numerous weathered crystalline pebbles. Older Quaternary deposits of the area are strongly weathered. The reddish matrix is enriched in kaolinite in the surface layer and the A2 layer is strongly leached. The red Bt layer generally exhibits colours typical of water-saturated soils. 
On this basis, the Fx terrace earlier ascribed to the Rissian glaciation by Alimen (1964)
 and by local geological maps have been attributed to the Würmian glaciation by Hubschman (1984). Moreover, most of the outer morainic complexes of the north Pyrenean foothills are made up of two generations of deposits: weakly weathered deposits of probable Würmian age that recorded the maximum ice advance, and more strongly weathered moraines of possible pre-Würmian age (Calvet, 1984, 1989; Delmas et al., 2012; Hubschmann, 1984). Hence, in the study area, Fx and Fy could be of Würmian age  and Fw could represent the Rissian.

Fluvioglacial terraces on the northern flank of the chain begin to be dated radiometrically Stange et al., 2014ADDIN EN.CITE.DATA 


(Delmas et al.? 2015;  ADDIN EN.CITE )
. Only terraces on the southern flank ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Sancho et al., 2003; Peña et al., 2004; Sancho et al., 2004; Turu i Michels and Peña Monné, 2006; Lewis et al., 2009)
 and moraines located in the eastern part of the Northern Pyrenees are dated ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Delmas et al., 2008, 2011; Pallàs et al., 2006, 2010)
. As a result, the chronology of terrace abandonment along the Aspe and Ossau Rivers remains relative.

2.2b- Geometry and chronostratigraphy of glacial deposits 
The farthest advance of ice away from the mountain crest reached Arudy at the outlet of the Ossau Valley ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Fig. 2; Penck, 1883; Barrère, 1963; Mardonnes and Jalut, 1983; Ternet et al., 2004)
. Near Arudy, remnants of three generations of moraines have been identified. Two series of weathered moraines occupy an outer position at Sainte-Colome Hubschman, 1984()
 and at Lourau Hétu et al., 1992; Fig. 2()
, more than 80 m above the Hérère plain. Well preserved in a lower position, the Arudy complex is unweathered and consists of several frontal moraines. The outermost moraine extends as far as Buzy, a few km to the west of Arudy, and is connected to the remnant Fx terrace on the Herrère plain (EMF in Fig. 2). An inner moraine surrounds Arudy (IMF in Fig. 2). 

The chronology of the Buzy-Arudy morainic complex is known from radiocarbon dating on materials cored in a glacio-lacustrine sequence at Estarès 5 km away, which is located at the margin with respect to the Buzy terminal moraine fig. 1; Andrieu, 1987()
. Situated at an elevation of 370 m, the site was initially occupied by a diffluent ice-tongue of the Ossau Glacier during the Würmian maximum ice extent (MIE) and then by a lake fed by meltwater from the Ossau ice tongue. The sedimentary infill of the paleo-lake consists of three units. The basal unit is made up of glacial lake rythmites fed by a proximal glacier. The middle unit is composed of proximal silts, showing that the lake ceased to be fed by proglacial meltwater. This sequence is capped by 6 m of peats. The bottom and the top of the basal unit and the bottom of the middle unit have been radiocarbon dated Andrieu et al., 1988()
. Coupled with the 14C dating, this stratigraphy shows that (i) the Würmian MIE of the Ossau glacier occurred before 30-34 ka cal. BP, (ii) the Ossau glacier was situated near Louvie-Juzon at 27-31 ka cal. BP, and (iii) the glacier no longer fed the lake at 20-25 ka cal. BP. Based on these results, the Würmian MIE of the Ossau glacier appears to predate the global LGM. The location of the terminal moraine during the global LGM is not known. In the light of the above results, the glacier abandoned the Buzy moraine front after 27 ka (MIS 3). The dating of glacial-lake deposits at Castet (Fig. 2) also shows that the Würmian MIE of the Ossau glacier is older than 25+/-0.78 ka Andrieu et al., 1988(28-31 ka cal. BP; ; Jalut et al., 1988)
.

Glacial remnants are sparse and poorly preserved in the Aspe valley. Only two moraine complexes are preserved at Bedous and Lescun Taillefer, 1948(e.g.  Barrère, 1963; )
. The moraine at Escot on the Oloron Sainte Marie geological map (Castéras et al., 1970) consists of well-sorted material reflecting the  fluvio-glacial origin of the deposits Ternet et al., 2004()
.
Section 3- DATING OF THE LATE PLEISTOCENE FLUVIOGLACIAL LEVEL OF THE NORTHERN PYRENEAN FOOTHILLS

3.1- Principle and sampling site

Cosmogenic nuclides, and among them 10Be, result from spallation reactions (on Si and O for beryllium) and thus accumulate in silica-rich rocks down to a few meters below the surface (in situ-produced cosmogenic nuclides).  They record when rocks have been exposed at earth surface. They have long been used to date fluvial terraces with the reasonable assumption that exposure history prior to deposition is negligible ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(e.g. Bierman et al., 1995; Brown et al., 1998; Regard et al., 2005; Ritz et al., 1995)
. The date given by cosmogenic nuclides corresponds to the time of terrace abandonment (thereafter called exposure age), i.e., when entrenchment began. Actually, the cosmogenic nuclide content is also dependent on the fluvial surface erosion rate. Concentration profiling at depth allows for fixing both the exposure age and erosion rate of the terrace (e.g., Anderson et al. 1996).

The dating method used here is based on cosmogenic nuclides formed in quartz minerals (here in quartzite pebbles) in the topmost few metres of the Earth’s surface. In fact, the concentration of cosmogenic nuclides at the surface depends on both the age of the terrace (and terrace abandonment) and the local erosion rate. To constrain both of these unknown parameters (age and erosion), it is possible to use pairs of samples  - sampled at different depths  - which have the same age and erosion rate e.g. Anderson et al., 1996()
. When the terrace deposit age is young and the erosion rate is low to moderate, these parameters have little effect on the dating result. On the contrary, sampling a pit provides information on the mixing depth of the surface layer due to humans, animals, cryoturbation, and other processes e.g. Perg et al., 2001()
. 

The sampling site is located on the Gurmençon Fx terrace at the outlet of the Aspe valley, 1 km to the north-east of Asasp (red star in Fig. 2). Fx is the best-preserved terrace of the area, forming a continuous strip running along the Aspe River. The terrace is 1.5 km wide at the sampling site (Fig. A4-A). We collected samples in the middle part of the terrace, far from its inner and outer edges to avoid effects due to aggradation or transport of material from the slopes e.g. Nivière et al., 1998()
. 

In the present study, we collected seven regularly spaced samples in a 2.4 m-deep pit (Fig. A4-C), because we have few constraints on the superficial mixing due to cultivation. Since the uppermost 40 to 50 cm of the section are made up of topsoil, this part of the cosmogenic nuclide profile can be disturbed. The lower part of the section consists of relatively homogenous fluvioglacial sediments, suggesting a single phase of deposition. This formation is composed of sand, gravels and 1 to 50-cm-sized clasts of Paleozoic metamorphic rocks (including quartzite) derived from the Axial Zone of the Pyrenees, along with Mesozoic limestones and sandstones from the North Pyrenean Zone. The matrix is composed of clay with a small proportion of sand, representing ~60% of the terrace-forming materials. All the samples, except the one at 70 cm containing a fragment of a 40-cm quartzite pebble, are made up of the mixing of quartzite clasts (size ~10 cm), and were collected at depths of 60 cm, 90 cm, 120 cm, 150 cm, 180 cm and 210 cm (± 3 cm). 

Sample preparation and measurements were carried out at Purdue Prime Lab (Table 1).
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FIGURE CAPTIONS

Figure A1: A- Longitudinal profile of  the Aspe River (black line) and its remnant terraces (other colors) in the study area. B- The same for the Ossau River. We used the geological map (Castéras et al., 1970) and elevation data of the SRTM DEM. Grey arrows represent the location of the mains knickpoints of each river. MAT: Mail Arrouy Thrust. Stars are terraces with dating.

Figure A2: Transversal cross-section of the Aspe river terraces at the sampling site. Grey-shading represents alluvium and crosses represent the Albo-Cenomanian flysch. Base of Fx (black) is not known.

Figure A3: Maximum extent of the West Pyrenean Glaciers during the Quaternary, modified after Calvet et (2004) and Courbouleix et al. (2008).

Figure A4: General view of the sampling site area (A and B) and photograph of the sampling pit (C).

