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Abstract 15 
The production of a cartographic landslide inventory in the glaciated headwaters of the Upper Gállego 16 
River, Axial Zone of the Spanish Pyrenees, revealed several paleolakes. These relict lake basins are 17 
related to the blockage of drainages by postglacial earthflows and slides, mainly developed on Paleozoic 18 
slates. The paleolakes are recorded either by non-dissected infilled basins or by hanging and incised 19 
lacustrine terraces that persisted for thousands of years. The development of lakes upstream of landslides, 20 
was favored, despite their erodibility, by high-displacement rates and the occurrence of paired landslides 21 
on both sides of the valley. Radiocarbon and single-grain optically stimulated luminescence (OSL) ages 22 
obtained on the lake sediments range between 41.5 ± 3.9 ka and 15.1 ± 0.3 ka. These chronologies 23 
indicate prolonged landslide activity long after the early deglaciation in the Upper Gállego River Valley. 24 
The landslide-lake dating results support the interpretation that the regional Maximum Ice Extent (MIE) 25 
in the Pyrenees occurred during the Marine Isotope Stage 4 (MIS 4), long before the global Last Glacial 26 
Maximum (LGM). 27 
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1. Introduction 32 
Slope movements in glaciated mountainous terrains are strongly influenced by the advance and retreat of 33 
glaciers, and often provide useful information for constraining the timing of glacial evolution (Evans and 34 
Clague 1994). Landslide deposits pre-dating a glacial advance are completely removed or undergo 35 
marked erosion during the subsequent glacial event because they typically consist of readily entrainable 36 
material (Bentley and Dugmore 1998; Wilson and Smith 2006). When the valley is covered by an ice 37 
tongue, landslides descend onto the glacier and travel partly or wholly over it. These landslides are 38 
typically developed along perched failure planes that emerge above the ice buttress and are frequently 39 
triggered by large earthquakes (McSaveney 1978; Jibson et al. 2006; Rosser and Jonathan, 2017). 40 
Subsequently, the landslide deposits are transported and dispersed by the glacier, may fall into crevasses 41 
and are often left along the ice margins to drape over lateral moraines (Fort 2000; Hewitt 2009). Once the 42 
glacier retreats, debutressing on the deepened and oversteepened slopes may lead to gravitational 43 
spreading that can be accommodated by rock bulging, the development of antislope fault scarps (slope 44 
deformation scarps; e.g. McCalpin and Irvine 1995; Gutiérrez-Santolalla et al. 2005; Jomard et al. 2014) 45 
and the formation and dilation of stress-release fractures. These processes contribute to reduce the rock 46 
mass strength and favor the development of mass movements down onto the valley (Ballantyne 2002; 47 
Cossart et al. 2013; Geertsema and Chiarle 2013). 48 
The formation of large deep-seated landslides following the retreat of valley glaciers has been described 49 
in numerous glaciated mountainous areas such as the Alps (Soldati et al. 2004; Pellegrini et al. 2006; 50 
Jomard et al. 2014), Caledonian Mountains in northern Europe (Blikra and Anda 1997; Jarman 2002; 51 
Wilson and Smith 2006), Himalayas (Hewitt 1998, 2009; Shroder and Bishop 1998), Andes (Hauser 52 
2002; Trauth et al. 2013), Pyrenees (García-Ruiz et al. 2003; Jarman et al. 2014), Rocky Mountains 53 
(Jackson 2002; Geertsema et al. 2006) and New Zealand Alps (Augustinus 1995). These mass movements 54 
that post-date the last glacial cycle may be used as markers to reconstruct the evolution of valleys and 55 
provide both relative and numerical chronological data. The dating of geomorphic and stratigraphic 56 
features associated with these post-glacial landslides (e.g., scarps, slope deformation scarp deposits, 57 
fissure fills, sediments of landslide-dam lakes) provide information on long-term erosion rates, climatic 58 
changes and paleoseismic activity (Soldati et al. 2004; Gutiérrez et al. 2008; Prager et al. 2008; Trauth et 59 
al. 2013; Claude et al. 2014; McPhillips et al. 2014). 60 



Natural dams created by large landslides typically generate lakes upstream with deposition of datable 61 
fine-grained sediments. The dating of these deposits has been used for landslide-earthquake correlation 62 
(Wang et al. 2014; Butterfield et al. 2015), assessing landslide-dam breach and outburst flood risk (Zhang 63 
et al. 2015), paleoclimatic investigations (Panek et al. 2007, 2010; Savelli et al. 2013) and geomorphic 64 
evolutionary studies (Geertsema and Clague 2006; Hancox and Perrin 2009; Mackey et al. 2010). 65 
Nevertheless, the examples of lakes related to landslide dams in the Spanish Pyrenees documented in the 66 
literature are very scarce and rather shallow (García-Ruiz et al. 2003; Gutiérrez et al. 2012; Jaqués 2014). 67 
This manuscript explores the controlling factors and chronology of lake-forming landslides in the Upper 68 
Gállego Valley, central Pyrenees, as well as their usefulness for improving the available information on 69 
the timing of the deglaciation in the Pyrenees. The main working hypothesis is that geochronological data 70 
derived from paleolakes related to old post-glacial landslide dams may provide insight into the age of the 71 
regional Maximum Ice Extent (MIE) in the Pyrenees, where the MIE precedes the global Last Glacial 72 
Maximum (LGM). This involves a remarkable asynchronicity between the timing of the maximum extent 73 
of the Scandinavian Ice-Sheet and the glaciers in the Alps, and that of the glaciers in the Pyrenees 74 
(García-Ruiz et al. 2003; González-Sampériz et al. 2006; Pallàs et al. 2006; Lewis et al. 2009; Calvet et 75 
al. 2011; Delmas 2015), the Cantabrian Mountains (Jiménez-Sánchez et al. 2013), and other 76 
Mediterranean mountains (Hughes and Woodward 2017).  77 
 78 
2. Methodology 79 
The first phase of the investigation was focused on the production of a geomorphological map of the 80 
study area including a detailed landslide inventory. Initially, a preliminary map was elaborated through 81 
the interpretation under the stereoscope of color aerial photographs from 1999 printed at an approximate 82 
scale of 1:18,000 and integrating data from previously published geomorphological maps (García-Ruiz 83 
1989; Serrano 1998; Chueca et al. 2000; García-Ruiz et al. 2004; Serrano and Cuchi 2005). Subsequently, 84 
the map was refined covering the whole area by direct field surveying using color orthophotographs 85 
printed at a scale of 1:5,000 and hand held GPS devices. The general landslide map is published in 86 
Guerrero et al. (2012). The detailed maps of the Peyreget and Sextas landslides, together with the 87 
lacustrine terraces and deposits developed upstream were produced in the field using 1:1,000 scale 88 
orthoimages. The geological and geomorphological data were implemented on a Geographical 89 
Information System (ArcGIS 10.1) using orthoimages with a pixel size of 0.5 m and a digital elevation 90 
model (DEM) with a pixel size of 5 m, both from the Spanish National Geographic Institute. Specific 91 
information on the activity of some landslides was obtained from research articles (Herrera et al. 2009; 92 
2013; Notti et al. 2010), geotechnical reports, and the managers of the Formigal Ski Resort. Elevation and 93 
relative height data used to produce longitudinal profiles of the river channel, lacustrine deposits and 94 
fluvial terraces in the landslide-dammed basins were obtained from the DEM and using an automatic 95 
level and a laser rangefinder (Nikon Forestry Pro). The longitudinal profiles were used to locate the 96 
samples collected for dating within their morpho-stratigraphic context.  97 
 98 
In the lacustrine sediments associated with the Peyreget landslide, we collected four dating samples; two 99 
for AMS (accelerator mass spectrometry) radiocarbon dating and two for single-grain optically stimulated 100 
luminescence (OSL) dating. In the dissected terraces located upstream of the Sextas landslide, consisting 101 
of lake deposits overlain by alluvium, we collected two additional samples for OSL dating, one in the lake 102 
deposits and another one in the fluvial deposits. The lacustrine sediments are extensively covered by 103 
fluvial and slope deposits, preventing the construction of stratigraphic logs and correlation charts. In fact, 104 
most of the samples were collected from small hand-dug pits. The conventional radiocarbon ages 105 
provided by Poznań Radiocarbon Laboratory, as well as those reported in different works quoted in this 106 
article, have been calibrated using CALIB 7.1 and the data set IntCal 13 (Reimer et al. 2013) (Table 1). 107 
Single-grain OSL ages were measured at the CENIEH laboratory using the experimental approaches and 108 
instrumentation outlined in Arnold et al. (2013) (Table 2). Equivalent dose (De) values were determined 109 
using a single-aliquot regenerative-dose (SAR) procedure involving a preheat of 260 °C for 10 s before 110 
measuring the natural and regenerative dose signals, and a preheat of 160 °C for 10 s before measuring 111 
the test-dose OSL signals. These preheating conditions yielded accurate measured-to-recovered dose 112 
ratios of 1.00 ± 0.01 and 1.01 ± 0.04 for ~50 Gy dose-recovery tests performed on samples S1 and P3, 113 
respectively. The single-grain De distributions of each sample are shown as radial plots in Figure S1 114 
(Supplementary Material). Figure S2 (Supplementary Material) shows representative OSL dose-response 115 
and decay curve for grains that passed the SAR quality assurance criteria and were used for dating 116 
purposes. Where possible, the lacustrine deposits were dated at the same site using radiocarbon and OSL 117 
methods in order to assess their reliability.  118 

  119 
3. Geological setting 120 



The Pyrenees is an asymmetric, double-verging fold-and-thrust mountain belt related to the convergence 121 
and collision between the Iberian and Eurasian plates from late Cretaceous to Miocene times (Muñoz 122 
1992). Three main structural zones are differentiated in this Alpine orogen (e.g. Barnolas and Pujalte 123 
2004; Teixell 2004): (1) the North-Pyrenean Zone between the Aquitanian foreland basin and the North-124 
Pyrenean Fault, dominated by north-verging thrust and fold structures involving the basement; (2) the 125 
Axial Zone, which is an extensive elevated outcrop of Variscan basement related to a south-verging 126 
antiformal stack with igneous intrusions; and (3) the South-Pyrenean Zone, comprising several major 127 
south-verging thrust structures that record an overall piggy-back propagation sequence and incorporate 128 
syn-orogenic basins. 129 
 130 
The study area is located in the central sector of the Axial Zone, in the headwaters of the Gállego River 131 
catchment (Fig. 1). Here, the exposed bedrock can be divided into the following cartographic-132 
evolutionary suites: (1) A Devonian succession around 500 m thick dominated by slates that grade to reef 133 
limestones at the top (Ríos et al. 1989). This overall shallowing sequence, from deep marine facies to 134 
shallow platform carbonates, is related to the development of the Variscan orogeny (Sanz-López 2002). 135 
(2) The Devonian formations are unconformably overlain by Carboniferous limestones, greywackes and 136 
coal-bearing slates that record the development of new Variscan thrust sheets (Ríos et al. 1989). (3) The 137 
granodioritic batholiths of Panticosa and Cauterets, located in the NE sector of the drainage basin, were 138 
emplaced into Devonian and early Carboniferous country rocks at the end of the Carboniferous (ca. 301 139 
Ma; Ternet et al. 2004). (4) Finally, late Variscan pull-apart basins opened under transtensional tectonic 140 
conditions. These basins were filled by red continental sandstones, conglomerates and shales, together 141 
with volcanic rocks (pyroclasts, basalt flows) and related andesite sills and laccoliths (Gil et al. 2002; 142 
Galé 2005). 143 
 144 
The Paleozoic bedrock in this sector of the Axial Pyrenees is a complex structure related to the 145 
superposition of the Variscan and Alpine orogenies, as well as the intrusion of late Variscan igneous 146 
bodies. The upper reach of the Gállego River valley, where the analyzed landslide dams occur, is 147 
characterized by a general WNW-ESE trending and S-verging fold and thrust structure parallel to the 148 
valley. Consequently, the strata show a general valleyward dip on the southern margin of the glacial 149 
trough, and dip into the slopes on the opposite side. This structural factor, together with the predominance 150 
of weak slates, plays an important role in the stability of the slopes, the distribution of landslides and their 151 
failure mechanisms. 152 
 153 
4. Geomorphological setting and glacial evolution 154 
The topography of the Gállego Valley shows a significant glacial imprint. Here, for the sake of clarity, we 155 
distinguish between the Gállego Valley, extending from the Spanish-French border to Sabiñanigo town, 156 
and the Upper Gállego Valley, restricted to the upper reach upstream of Sallent village (Fig.1). During the 157 
MIE, the trunk Gállego glacier was mainly fed by the Aguas Limpias and Caldarés glacial tongues, that 158 
used to merge in Panticosa area. These tributary glaciers descended from large and high-elevation cirques 159 
carved in prominent granodioritic and quartzitic massifs with summits above 3000 m a.s.l. (Fig. 1). 160 
Conversely, the Upper Gállego glacier, sourced from a lower-elevation area (<2500 m a.s.l.) with 161 
relatively small cirques lying at 2200 m a.s.l., played a secondary contributing role. This glacial valley 162 
displays relatively gentle slopes due to the predominance of weak slates and the presence of numerous 163 
deep-seated landslides. The occurrence of lateral moraines and till at an altitude of 1850 m a.s.l. at the 164 
confluence between the Aguas Limpias and Upper Gállego glaciers suggests that the ice thickness was 165 
around 600 m thick at this point during the MIE (Figs. 1 and 2). Other secondary glacial tongues, like 166 
those developed in the Bolática and Escarra valleys, also had a limited contribution to the trunk Gállego 167 
glacier. These glaciers had their highest cirques in the northern flank of a transverse E-W trending range 168 
made up of Mesozoic limestone of the South Pyrenean Zone (Fig. 1). Further downstream, the Gállego 169 
glacier carved a broad valley in relatively erodible Eocene flysch sediments. Here, the relative height of 170 
lateral moraines indicates that the ice reached a thickness of around 400 m (Fig. 1). In the terminal zone, 171 
located in Sabiñánigo area, where the valley becomes unconfined, the ice presumably expanded and 172 
thinned abruptly to form a piedmont glacier.  173 
 174 
The available geochronological data on the timing of glaciation in the Gállego Valley have a highly 175 
variable reliability and include: (1) multi-grain OSL age estimates from Lewis et al. (2009); (2) 176 
radiocarbon ages from Montserrat (1992), García-Ruiz et al. (2003) and González-Sampériz et al. (2006); 177 
and (3) cosmogenic exposure ages recently published by Palacios et al. (2015, 2017) (Fig. 1). The 178 
chronological information relevant to this investigation is indicated below: 179 
 180 



(1) Lewis et al. (2009) attempted to date the highest terrace of the Gállego River in Sabiñánigo area, 181 
situated 51 m above the river channel. Four samples yielded ages of 84±9 ka, 99±11 ka, 155±24 ka, 156± 182 
10 ka (one-sigma uncertainty). The authors discarded the two youngest ages and proposed an age of 183 
151±11 ka for the terrace based on a weighted average using the two oldest ages and three additional ages 184 
obtained in other reaches downstream. Lewis et al. (2009) interpreted this strath terrace, including 185 
glacially striated boulders, as an outwash terrace. However, the boulders may have been reworked from 186 
much older deposits. 187 
 188 
(2) Two OSL ages of 85±5 ka and 38±4 ka (one sigma uncertainty) were obtained by Lewis et al. (2009) 189 
from till deposits of the Aurín moraine. The authors, based on cartographic relationships, regarded the 190 
former age as the most reasonable. Nonetheless, they propose an age of 66-69 ka for this glacial phase 191 
using OSL ages from the correlative “middle terrace” sampled in the Sabiñánigo area and further 192 
downstream. This terrace was dated in Sabiñánigo area at 69±8 ka and 103±7 ka. The latter old age was 193 
attributed to incomplete zeroing due to deposition of silty facies by turbid water flows. 194 
 195 
(3) Horizontally bedded sands and silts deposited on the well-preserved Senegüé terminal moraine 196 
provided consistent OSL ages of 36±3 ka and 36±2 ka (Lewis et al. 2009). These dating results, derived 197 
from post-moraine sediments probably accumulated in a kettle hole, should be considered as minimum 198 
ages for the glacial advance that records the Senegüé moraine. 199 
 200 
(4) The main valley shows three main generations of lateral moraines at relative heights above the valley 201 
floor between 100 and 400 m, recording three main phases of glacial advance or stabilization. 202 
Unfortunately, cosmogenic dating applied to their boulders was unsuccessful (Palacios et al. 2015). 203 
 204 
(5) A borehole drilled in El Portalet peat bog, located in a glacially over-deepened basin at the headwaters 205 
of the Gállego valley, at 1980 m a.s.l., revealed a lacustrine succession overlying till deposits. The base of 206 
the lake sediments yielded an AMS radiocarbon age of 30,500 ± 2,400 cal. yr BP, indicating that the 207 
Upper Gállego Valley was already deglaciated during MIS 3 (González-Sampériz et al. 2006). 208 
 209 
(6) Monserrat (1992) obtained a radiocarbon age of 24,500 ± 1,300 cal yr BP from lake deposits filling a 210 
sinkhole located downstream of Panticosa village. This age suggests that the front of the Gállego glacier 211 
was located at least 15 km upstream of the Senegüé moraine during the LGM and that the trunk glacier 212 
was less than 22 km long by that time (García-Ruiz et al. 2003). Other ages strongly support that the 213 
Gállego glacier was almost completely vanished during the LGM. A borehole from Tramacastilla Lake 214 
(1685 m a.s.l.), located in the Escarra River sub-basin, revealed an incomplete lacustrine succession of ca. 215 
14 m thick, without reaching the base. A sample collected at a depth of 11.5 m yielded a radiocarbon age 216 
of 32,800 ± 700 cal yr BP, providing a minimum temporal bound for the retreat of the ice in this sector of 217 
the headwaters of the Gállego River basin (Monserrat 1992). In this sector, moraines located at elevations 218 
around 100 m above the Tramacastilla Lake indicate that the retreat of the ice in the area occurred long 219 
before the LGM, sometime earlier than 32.8 ka.    220 
 221 
(7) Glacial retreat since the LGM has been constrained by 36Cl cosmogenic dating of moraine and rock 222 
glacier boulders (Palacios et al. 2015, 2017) (Fig. 1). The ages indicate that glacier retreat after the LGM 223 
was fast, that the Caldarés and Aguas Limpias ice tongues were already separated by 18 ka and that the 224 
Upper Gállego Valley was ice-free since some thousand years before (González-Sampériz et al., 2006). 225 
The laterally unconfined glacier tongue of the Aguas Limpias valley slightly penetrated upstream into the 226 
Upper Gállego Valley, partially eroding old landslide deposits and depositing some disperse tills and 227 
moraines at 1470 m a.s.l. (70 m below Sextas lake deposits) in Formigal area, all of them containing 228 
granitoids derived from the headwaters of the Aguas Limpias valley (Fig. 1 and 2). Between 18 and 14 229 
ka, during the Oldest Dryas, the Caldarés and Aguas Límpias glaciers underwent a new glacial advance 230 
depositing lateral moraines, although they did not reach sufficient extent as to result in a new glacial 231 
junction. Later deglaciation led to restricted glaciers in the headwaters by 12-11 ka (Palacios et al. 2015, 232 
2017). 233 
 234 
5. Landslide-dams of the Upper Gállego River Valley 235 
The recognition and investigation of landslide dams and the associated lake basins has been focused on 236 
the Upper Gállego Valley, upstream of the Lanuza Reservoir, and a small zone of the French Pyrenees 237 
located within the National Park of the Western Pyrenees (Fig. 2). Here, glacial retreat left relatively 238 
narrow valleys flanked by oversteepened slopes. The original U-shaped morphology of the glacial troughs 239 
has been largely modified by the collapse of the debuttressed valley walls and the development of large 240 



landslides superimposed on the valley floors. Their distribution is mainly associated with weak Devonian 241 
and Carboniferous slates with a dense network of cleavage planes. These highly fissile metamorphic 242 
rocks, when affected by mass movements, lose coherence, undergo a rapid reduction in strength (strain 243 
softening), and transform into a soft sediment with plastic rheology. Consequently, the landslides are 244 
typically complex-composite movements characterized by translational or rotational failures in the upper 245 
part with well-defined amphitheater-like head scarps that grade into tongue-shaped earthflows in the 246 
middle and lower part (Guerrero et al. 2012). Hereafter, we use the term earthflow as advocated by Hungr 247 
et al. (2001; 2014) and Mackey and Roering (2011) to describe large, slow-moving landslides with flow-248 
like morphology, mechanically dominated by fine-grained material and characterized by sliding along 249 
transient shear surfaces with a degree of internal deformation or flow. The earthflows, consisting of a 250 
compact mass of highly brecciated slates, override the valley floors eventually forming landslide dams 251 
and temporary lakes upstream. A total of five paleolake basins related to landslide damming have been 252 
identified on the basis of geomorphic and/or stratigraphic evidence, from west to east: Peyreget, Portalet, 253 
Batallero, Mulas and Sextas landslides (Fig. 2). The formation of lakes upstream of the landslide dams is 254 
recorded either by non-dissected infilled basins (Portalet, Mulas), or by hanging and incised lacustrine 255 
terraces (Batallero, Peyreget, Sextas). 256 
 257 
5.1. Peyreget landslide 258 
The Peyreget landslide is located on the left margin of the Brousset Creek in the French Pyrenees (Fig. 2). 259 
It is an earthflow developed on Devonian slates, next to and on the footwall of a SW-verging thrust. The 260 
hanging wall consists of Carboniferous limestones and other resistant rocks that control a constriction in 261 
the valley. The spatulate-shaped slope movement is 1,650 m long, reaches 480 m in width and has a local 262 
relief of 230 m (Fig. 3). The landslide deposits cover an area of 0.57 km2 and their volume has been 263 
roughly estimated at 10*106 m3. The earthflow shows a slightly undulated topography, with subdued 264 
transverse ridges and swales in the lower part. It is also incised by gullies with an overall radial pattern 265 
that have captured a number of peat bogs associated with landslide-related enclosed depressions. 266 
 267 
The northeastern sector of the landslide toe impacted on an outcrop of Carboniferous limestones on the 268 
opposite side of the valley damming the headwaters of the Brousset Creek (Fig. 3). Cartographic evidence 269 
and the present-day topography indicate that the landslide-dam lake reached an area of around 135,000 270 
m2, partly covering the foot of the earthflow. Geomorphic and stratigraphic evidence of the paleolake 271 
include: (1) Nearly horizontal lacustrine terraces perched more than 7 m above the current thalweg 272 
preserved south of the landslide toe. These terraces are underlain by lacustrine deposits consisting of 273 
massive and crudely bedded dark gray silty muds and sands. (2) Local outcrops of lake deposits situated 274 
on both sides of the Brousset Creek, some of them lying on the foot of the Peyreget earthflow. 275 
Subsequent to the opening of the lake basin, the Brousset Creek experienced episodic entrenchment, 276 
developing a stepped sequence of four fluvial terraces inset with respect to the older lacustrine terrace. 277 
The alluvium of these terraces is locally underlain by lake deposits (Fig. 3). 278 
 279 
Samples for radiocarbon and single-grain OSL dating were collected in lake deposits at two sites. The 280 
position of the samples is referenced according to the elevation difference between a datum defined by 281 
the lacustrine terraces and the sampling point (Fig. 3). At site P2, on the right margin of the creek, 282 
samples were collected in a restricted outcrop of dark gray massive mud with silts and sands at 6.2 m 283 
below the adjacent lacustrine terrace (Fig. 4A). We obtained consistent ages of 15,406-14,777 cal. yr BP 284 
by AMS radiocarbon dating on charcoal and 14.33 ±1.01 ka by single-grain OSL dating (Tables 1 and 2). 285 
Site P3 corresponds to a small inset fluvial terrace located on the lower part of the landslide and underlain 286 
by lake deposits. A sample from a silty blackish mud situated 7.8 m below the datum, given by the 287 
lacustrine terraces located upstream, provided an OSL age of 14.06 ±2.74 ka. A charcoal sample from a 288 
lower unit, at 10.4 m below the datum, yielded an older numerical age of 18,625-18,131 cal. yr BP. This 289 
can be considered as a minimum age for the damming event in Brousset Creek that led to the initial 290 
formation of the lacustrine basin. 291 
 292 
5.2. Portalet landslide 293 
El Portalet landslide is located at the divide between the Gállego River and the Brousset Creek, which 294 
functioned as a diffluence saddle during glacial times (Fig. 2). It has developed on a SW-facing slope 295 
made up of Devonian slates overlain by Carboniferous limestones, both bounded by a NE-dipping thrust. 296 
Moreover, the strata in the footwall and hanging wall of the thrust show a general dip into the slope. 297 
Overall, this is a complex landslide according to Hungr et al.’s classification (2014), characterized by a 298 
rock rotational slide developed on slates dipping into the slope in the upper part, which shows a 299 
prominent bench on the back tilted block. It has a steep amphitheater-like head scarp around 200 m high 300 



developed in the competent Carboniferous limestones. The 700 m long and 900 m wide fan-shaped slided 301 
mass, shows a broad flat in the upper part and abrupt widening in the lower part. It has an area of 0.48 302 
km2 and an estimated volume of 16*106 m3. The deposit consists of strongly brecciated slates locally 303 
armored at the surface by limestone blocks. . Cartographic evidence indicates the presence of two bodies 304 
with different geomorphic expression and kinematics.  305 
 306 
The fan-shaped SE landslide body shows numerous uphill- and downhill-facing scarps, benches, local 307 
seepages and a distorted drainage that points to ongoing slope deformation. Borehole data and 308 
inclinometers reveal multiple sliding surfaces located between 10 and 25 m depth (ICOG 2005). Surface 309 
displacement rates ranging from 0.3 to 14 mm/day have been measured by differential interferometric 310 
synthetic aperture radar (DInSAR), with temporal patterns influenced by rainfall (Herrera et al., 2009; 311 
2013; Notti et al., 2010). Excavation at the foot of the landslide on its southernmost sector during the 312 
construction of a parking lot of Formigal Ski Resort in the summer of 2004 (Fig. 5), induced a local 313 
acceleration with displacement values over 50 mm/day (ICOG 2005). The movement has not stopped 314 
despite the application of stabilization measures including retaining walls, drainage ditches and wells. The 315 
parking lot is currently affected by bulging and the development of thrust scarps related to surface 316 
ruptures at the toe of the sliding surface. 317 
 318 
The elongated 700 m long and 200 m wide NE landslide body is covered by limestone blocks along its 319 
whole length and shows flow-like morphology with convex-downward arcuate ridges and conspicuous 320 
lateral levees. An average DInSAR downslope velocity of 15–17 mm/yr has been measured with radar 321 
data of the C (2001–2007) and X (2008) bands (Herrera et al. 2013). This northern earthflow blocked 322 
sometime in the past the El Portalet Creek, a small tributary of the Brousset Creek, generating a 323 
temporary lake. This paleolake is nowadays expressed as an infilled and poorly dissected basin around 324 
15,000 m2 in area drained by the creek. Restricted outcrops show an alternating sequence of rounded 325 
gravels and sands covered by a 30 cm thick peat layer at the surface. The longitudinal profile of the creek 326 
displays a marked convexity with a gradient increase of 11% related to ground distortion caused by the 327 
earthflow and the inability of the drainage to restore a graded profile (Fig. 6A). 328 
 329 
5.3. Batallero landslide 330 
The 980 long and 350 m wide Batallero landslide is located on the right margin of the Upper Gállego 331 
Valley (Fig. 2). This is a spatulate-shaped earthflow developed on Devonian slates and covers an area of 332 
around 0.28 km2 (Fig. 7A). Several lines of evidence suggest that it is a currently inactive slope 333 
movement: (1) dissected and subdued morphology of the head scar and the landslide body; (2) no 334 
displacement detected by DInSAR (Herrera et al. 2013); (3) no evidence of deformation in the ski lift and 335 
dirt road built on the landslide; (4) the graded longitudinal profile of the Upper Gállego River devoid of 336 
anomalous convexities (Fig. 6B). This earthflow, together with the landslide located on the opposite side 337 
of the valley, constricted the valley floor and eventually created a lake basin upstream around 46,500 m2 338 
in area (Figs. 2, 7A). This infilled basin is poorly dissected and does not show outcrops of lacustrine 339 
facies. Nonetheless, just next to the landslide foot there is a small terrace perched 2 m above the channel 340 
of the Gállego River. The terrace surface is underlain by, from base to top, 1.2 m of rounded fluvial 341 
gravels and 0.8 m of dark gray, clay-rich parallel-bedded sands and silts with intercalated granule-gravel 342 
beds. This upper package is attributable to lake facies accumulated during a recent damming episode. 343 
 344 
5.4. Mulas landslide 345 
The Mulas slope movement is a complex rock rotational slide with a broad landslide bench located on the 346 
right margin of the Upper Gállego Valley, downstream of the Culivillas Creek (Figs. 2, 7B). It is around 347 
700 m long, 600 m wide and covers an area of 0.38 km2. This landslide complex is developed on 348 
Devonian slates locally overlain by Devonian limestones. It comprises three main landslide bodies with 349 
conspicuous lateral edges defined by levees and troughs that control the position of longitudinal gullies 350 
(Fig. 7B). The southern lobe, whose head scar is developed on competent Devonian limestone, is covered 351 
by a mantle of angular limestone boulders derived from the limestone cliff. The central lobe, main 352 
responsible for the damming of the Gállego River, shows a large erosional scar at the toe generated by 353 
fluvial erosion. It exposes a megabreccia made up of pulverized slates with some scattered angular 354 
limestone boulders. The surface of the southern and central lobes shows well-defined transverse, convex-355 
downward ridges and troughs. These features led Serrano and Cuchí (2005) to misleadingly interpret this 356 
complex landslide as a low-elevation rock glacier. The northern lobe is a flowslide that shows an upper 357 
and middle channel-shaped portion and a lower fan-shaped accumulation zone with a radial system of 358 
shallow gullies and a scarped toe. Herrera et al. (2013) measured by DInSAR a displacement rate of 0.3 to 359 
10 mm/yr between 2008 and 2010 in the Mulas landslide. However, the relative contribution of shallow 360 



solifluction and deep movements (plastic deformation and sliding) to the measured displacement velocity 361 
is not known.  362 
 363 
The creation of a landslide-dam in the past is recorded by an infilled lacustrine basin around 43,300 m2 364 
located at the confluence between the Culivillas Creek and the Gállego River (Figs. 2, 7B). The gradient 365 
of the Gállego River channel changes from 2% in the paleolake area to 7,5% in the landslide reach, 366 
indicating that it has not been able to restore its equilibrium profile yet, probably due to the continuous 367 
displacement of the landslide (Fig. 6C). The bank of a channel incised into the basin fill shows a 1.5 m 368 
thick exposure of lake deposits consisting of laminated clays, silts and sands. A pollen concentrate from a 369 
sample collected at 1 m depth provided an age of 24.6±0.8 cal. yr BP (García-Ruiz et al. 2003; González-370 
Sampériz 2004). This can be considered as a minimum age for the formation of the landslide dam and the 371 
associated lake. 372 
 373 
5.5. Sextas landslide 374 
The active Sextas landslide is located on the southern flank of the Upper Gállego Valley, on a slope 375 
underlain by Devonian slates dipping around 40º towards the valley (dip slope) (Figs. 2, 8A). This is a 376 
complex-composite movement, comprising an upper translational slide that grades into an earthflow in 377 
the middle and lower part of the landslide. It is 1,260 m long, 425 m wide, has a local relief of 270 m, and 378 
covers an area of 0,43 km2. The volume has been roughly estimated at 18*106 m3 using data on the 379 
position of the basal sliding surface identified in boreholes and inclinometers. It displays an arcuate head 380 
scar 35 m high with fresh-looking fissures, scarplets and sinkholes. The retreat of the scarp related to the 381 
development of secondary retrogressive landslides has caused damage on structures associated with a ski 382 
track. The landslide body has a hummocky topography with numerous enclosed depressions and lacks 383 
drainage network. The foot of the landslide is clearly superimposed on the valley floor, which shows a 384 
conspicuous constriction related to the Sextas slope movement and a smaller earthflow developed on the 385 
opposite slope. 386 
 387 
Despite the clear evidence of instability, an excavation of around 150,000 m3 was carried out in 2004 at 388 
the foot of the landslide for the construction of the most important ski lift of the Formigal Station, the 389 
associated building, a parking lot and a bridge over the Gállego River, causing the acceleration of the 390 
slope movement (González-Gallego et al. 2008) (Fig. 8C). The ski lift had to be relocated soon after its 391 
inauguration due to rapid displacement of the poles. The building and the bridge were affected by rapid 392 
deformation. Data from eleven inclinometers installed in the lower part of the landslide indicated that the 393 
earthflow has multiple sliding surfaces at different depths (ca. 15 m and 40 m) that bound units with 394 
variable displacement rates. Measurements from inclinometers and a total of 93 GPS benchmarks yielded 395 
average displacement rates ranging from 0.15 to 6.38 mm/yr between 2004 and 2007 (González-Gallego 396 
et al. 2006). Stabilization measures included the construction of a buttress at the excavation area and a 397 
drainage trench with a zig-zag pattern. Interestingly, a borehole located next to inclinometer I-01 has 398 
penetrated a sedimentary sequence whose description is the following, from top to base: (1) brecciated 399 
slates 18 m thick of the landslide deposit; (2) a 4.5 m thick package of fluvial gravels of the Gállego 400 
River; and (3) in situ Devonian bedrock below 22.5 m depth; . This stratigraphic sequence provides 401 
evidence for the advance of the Sextas landslide over the floor of the Gállego Valley, burying its alluvial 402 
fill. 403 
 404 
The blockage of the Gállego River by the Sextas landslide and the development of a lake is recorded by 405 
perched and dissected terraces that extend for about 1 km upstream of the earthflow (Fig. 8A). This lake 406 
reached an area of around 400.000 m2, considering the elevation of the top of the lake deposits (1540 m 407 
a.s.l.) and the present-day topography. The deposits underlying the westernmost terrace tread, with slight 408 
downstream inclination, were sampled for single-grain OSL dating taking advantage of the existing 409 
outcrop (Fig. 8B). The exposure shows (Fig. 4B), from base to top: (1) 4.7 m of undisturbed bedrock 410 
incised by the Gállego River; (2) 12.5 m of lacustrine deposits, consisting of dark gray sandy clay with 411 
gravels showing subhorizontal fabrics; and (3) 8.9 m of alluvium overlying the lake deposits, made up of 412 
rounded and polymictic boulder gravel. This upper alluvial unit wedges out downstream. A sample (S1) 413 
collected within the lacustrine sediments, 0.7 m above its basal unconformity, provided an OSL age of 414 
41.54±3.95 ka. Sample S2, from a 15 cm thick lenticular bed of sandy granule gravel situated 0.7 m 415 
above the basal contact of the alluvium has been dated at 16.95±1.11 ka (Table 2). These ages indicate 416 
that the landslide dam lake was formed soon before 41.54±3.95 ka and that there was long-sustained 417 
lacustrine sedimentation, to account of a sequence 12.5 m thick, up to sometime before 16.95±1.11 ka. 418 
Unfortunately, the time lapse that represents the discontinuity between the lacustrine and alluvial facies is 419 
unknown due to the lack of chronological data from the top of the lake sequence.  420 



 421 
6. Discussion  422 
The database compiled by Costa and Schuster (1991) of 463 historical landslide-lake basins around the 423 
world, and Fan’s et al. (2012) inventory of 828 landslide dams triggered by the Mw 7.9, 2008 Wenchuan 424 
earthquake in the Longmen Shan mountains, China, demonstrate that landslides with volumes less than 425 
0.3*106 m3 are able to dam watercourses and cause severe flooding. In the Upper Gállego Valley, 426 
landslide mapping, inclinometers and borehole data indicate that slides and earthflows are typically 427 
<10*106 m3 in volume, and that they may reach up to 80*106 m3 (Guerrero et al. 2012). These values 428 
suggest that the landslides in the study area are large enough to block low-discharge drainages with 429 
limited contributing areas such as the Gállego River and the Brousset Creek, forming small lakes.  430 
 431 
The numerical ages obtained in the lake basins associated with the Sextas and Peyreget earthflows, which 432 
created dams at least 18 m and 24 m high, suggest that the blockage of the valleys persisted over periods 433 
of thousands or tens of thousands of years. The sedimentary record of the Sextas landslide-lake fill 434 
suggests that the valley was dammed at approximately 41.5 ka and that lacustrine sedimentation ended 435 
sometime before 16.95 ± 1.11 ka. After the deposition of a 9 m of alluvium, the Gállego River incised 26 436 
m into the Quaternary deposits and the bedrock. The numerical ages obtained in the Peyreget landslide-437 
lake fill consistently suggest that lacustrine sedimentation lasted at least 3 kyr, between approximately 18 438 
ka and 15 ka. Portalet, Batallero and Mulas landslide lakes are still preserved as infilled, poorly drained 439 
basins. The age of 24.6±0.8 cal. yr BP for the Mulas lake sequence corroborates that landside dams may 440 
persist during a long time.  In agreement with Costa and Schuster (1988), Casagli and Ermini (2003), 441 
Geertsema et al. (2006), Evans (2006) and Fan et al. (2012), a number of factors may contribute to either 442 
limit the development of landslide dams or favor their formation and preservation in the Upper Gállego 443 
Valley:  (1) the river erosion that mainly depends on the discharge of the dammed river and the size, the 444 
shape and geotechnical properties of the landslide deposits, (2) the displacement rate of the landslides and 445 
(3) the geometry of the glacial valley in relation to the geometry and volume of debris. Among these 446 
factors, it seems that the impact of landslides on the fluvial dynamics in the study area is primarily 447 
determined by the relationship between the displacement rate of the landslides and the stream network 448 
erosion capacity. Data on sediment transport in the Upper Gállego Valley, covering a time span of 22 449 
years, indicate that sediment flux is closely linked to snowmelt and intense autumn rainfalls, and that the 450 
suspended and bedload sediment yield is relatively low (50 and 80 t/km-2 yr-1 in comparison with other 451 
Pyrenean catchments with average annual precipitation above 1500 mm (e.g. Alvera and García-Ruiz, 452 
2000; Lana-Renault et al. 2011). On the other hand, DInSAR data (Herrera et al., 2013) reveal that a large 453 
proportion of the landslides in the study area are still active, with extremely slow to very slow average 454 
velocities between 0.15 to 79 mm/yr, according to the velocity classification of Cruden and Varnes 455 
(1996). The erodibility of the landslide deposits, mainly composed of weak breccias of slates and the 456 
relatively slow displacement rate of the landslides seem to inhibit the development of dams despite the 457 
low erosion potential of the Gállego river. The current average displacement rates of up to 17, 10 and 6.38 458 
mm/yr of Portalet, Mulas and Sextas landslides, respectively, (González-Gallego et al. 2006; Herrera et 459 
al. 2009; 2013; Notti et al. 2010), are responsible for a marked convexity in the longitudinal profile of the 460 
channel, but are insufficient to impound it. The formation of the Upper Gállego landslide-lakes most 461 
probably occurred when landslides were moving at higher rates to overcome river erosion. Additionally, 462 
the relatively broad geometry of the Upper Gállego glacial valley enables the river to move laterally when 463 
advancing landslides invade the valley bottom. In contrast, the presence of paired landslides on both sides 464 
of the valley leads to its constriction, inhibits river migration and favors the development and persistence 465 
of landslide dams. This is the case of Peyreget, Batallero and Sextas dams that occur in narrowed valley 466 
sections due to the existence of landslides on the opposite side of the valley (Fig. 2, Table 3).  467 
 468 
Regarding the timing of landslide formation, many authors agree that debuttresing of the slopes due to 469 
glacial retreat promotes the weakening of the rock mass through the redistribution of internal rock stresses 470 
and the development of slope failures (Augustinus 1995; Ballantyne 2002; Ballantyne et al. 2014a, b). 471 
Therefore, the dating of landslides in a deglaciated valley should provide indirect chronological 472 
information on glacial retreat. However, several studies on the timing of rock slope failures using 473 
different dating techniques in the Alps (Soldati et al. 2004; Claude et al. 2014), the Scottish Highlands 474 
and NW Ireland (Ballantyne et al. 2014a, b), the Norwegian Mountains (Blikra et al. 2006), Carpanthians 475 
(Margielewski, W. 2000), the Cantabrian Cordillera (González-Diez et at. 1996) and the Pyrenees 476 
(García-Ruiz et al. 2002, 2003; Gutiérrez et al., 2005, 2008) indicate that slope movements occurred long 477 
after or throughout almost the entire postglacial period, showing in some cases temporal clusters. 478 
According to Ballantyne et al. (2014a) the common millennial-scale time lag between deglaciation and 479 
landslide formation is related to the time required to weaken the rock massif through fracture propagation 480 



induced by debutressing and stress release. Data gathered in the Upper Gállego River indicate that the 481 
landslides were formed long after the deglaciation of the valley and have experienced continuous or 482 
multiple phases of activity since their initial formation. Consequently, it is difficult to determine the 483 
precise timing of landslide initiation. As McCalpin (1984) states, many dating results derived from 484 
landslides and associated deposits constrain the age of the most recent reactivation event, rather than the 485 
initiation of the slope movement.  486 
 487 
The radiocarbon and single-grain OSL results obtained from the deposits accumulated in lake basins 488 
upstream of the landslide dams indicate minimum ages for the deglaciation in different sectors of the 489 
Gállego Valley, as well as indirect information on the extent of the Gállego Valley glacier during the MIS 490 
2, 3 and 4. As stated by other authors (e.g. García-Ruiz et al. 2003; Peña et al. 2004; González-Sampériz 491 
2006; Lewis et al. 2009), the MIE in the Gállego Valley occurred much before the LGM, most likely 492 
during the MIS 4 at approximately 66-69 ka (Peña et al. 2004; Lewis et al. 2009). The maximum ice 493 
extent in the neighboring Aragón Valley was also situated in MIS 4, where the fluvial terrace connected 494 
with the terminal moraine was dated at 68 ± 7 ka (García-Ruiz et al. 2013). Eastward, in the Cinca Valley, 495 
central Pyrenees, Lewis et al. (2009) dated fluvioglacial sands within the till that records the MIE at 62.7 496 
± 3.9 ka, and the related terrace of the Cinca River was dated with an average age of 64.4 ± 4 ka (Sancho 497 
et al. 2008). Similarly, the Linás de Broto glaciolacustrine deposit, located in the neighbor Ara Valley 498 
between the Tena and the Cinca valleys, confirms the occurrence of a severe cold period during MIS 4 499 
(Sancho et al. 2011). In the eastern Pyrenees, 10Be exposure ages carried out in the Carol and Malniu 500 
Valleys suggest that the MIE may have occurred during MIS 4 (Pallàs et al. 2006; Rodés et al. 2008), as 501 
well as in the French Pyrenees (e.g. Mardones and Jalut 1983; Calvet et al. 2011; Delmas 2015) and the 502 
Cantabrian Mountains (Moreno et al. 2010; Jiménez-Sánchez et al. 2013). These results are consistent 503 
with the chronologies from other Mediterranean mountains (e.g. Hughes and Woodward 2017). In the 504 
Gállego Valley, one of the best pieces of evidence supporting a MIE previous to the LGM is the 505 
radiocarbon age of 32,800 ± 700 cal yr BP obtained from the Tramacastilla Lake, several meters above 506 
the post-glacial lacustrine succession (Montserrat 1992) (Fig. 1). Here, several lateral moraines situated 507 
more than 100 m above the lake indicates that the MIE occurred thousands of years before 32.8 ka. The 508 
occurrence of the MIE during MIS 4 is also supported by the age of 41.5 ka ± 3.9 ka from the base of the 509 
Sextas landslide-dam lake sequence, located in the Upper Gállego Valley. This age indicates that the ice 510 
in the Upper Gállego Valley was restricted to cirques or very short tongues during MIS 3. Moreover, the 511 
development of landslides and associated lakes (Mulas slide and Sextas earthflow) also indicates the 512 
absence of a large glacial tongue in the Upper Gállego Valley during MIS 2. This does not exclude a 513 
glacial re-advance during MIS 2 (LGM), in any case shorter than during MIS 4. In fact, González-514 
Sampériz et al. (2006) reported an erosional hiatus within the El Portalet peat bog lacustrine sequence at 515 
approximately 20 ka, ascribed to ice advance in a headwater cirque.  516 
 517 
It is noteworthy that the OSL age (41.5 ± 3.9 ka) estimated for the base of the lake sediments associated 518 
with the Sextas landslide is older than the age attributed to the Senegüé moraine, located close to the end 519 
of the Gállego Valley (Fig. 1). The Senegüé moraine, which is the most relevant glacial deposit in the 520 
Gállego Valley, was multi-grain OSL dated at 36 ± 3 ka (Lewis et al. 2009). During Senegüe moraine 521 
formation, the 30 km-long Gállego glacier was almost at its maximum extent and consequently all the 522 
main ice branches of the headwater would have been connected, forming an ice tongue thick enough to 523 
reach the end of the valley. The lateral moraines located on the left side of the valley at Sallent de Gállego 524 
Village at 1850 m a.s.l., indicate that the ice tongue thickness was around 600 m thick at the confluence 525 
between the Aguas Limpias and Upper Gállego glaciers (Figs. 1 and 2). Interestingly, this interpretation is 526 
potentially inconsistent with the new age of the Sextas lacustrine deposit located at 1540 m a.s.l., because 527 
the glacier would have subsequently completely eroded the lacustrine sedimentary record. That said, it 528 
should be noted that the single-grain OSL age of the Sextas lacustrine deposit could be potentially 529 
younger than the published mean OSL age of the Senegüé moraine when considering its upper 2σ 530 
uncertainty ranges (i.e., the minus 2σ single-grain OSL uncertainty estimate equates to an age of 33.5 ka). 531 
However, given that the OSL ages obtained in the study area are based on single-grain De datasets (rather 532 
than multi-grain De datasets that can be affected by averaging effects), and they seem to be consistent 533 
with 14C ages from the same sites, it seems feasible that the true age of the Senegüé moraine could be 534 
older than the multi-grain OSL age estimated by Lewis et al. (2009). Three additional lines of evidence 535 
reinforce this interpretation: (1) the age is not consistent with the rest of the glacial chronologies obtained 536 
in the Gállego and adjacent valleys, as explained above; (2) it falls within interstadial (MIS 3), a relatively 537 
warm period; and (3) the samples were collected from fine-grained deposits accumulated over the 538 
moraine, probably in a kettle hole, and consequently provide a minimum age for the MIE. 539 
 540 



The OSL age estimate obtained from the Sextas paleolake sequence provides strong evidence for the early 541 
deglaciation of the Upper Gállego valley, long before the LGM. These post-glacial lacustrine sediments 542 
are attributed to the damming of the valley by the Sextas landslide. An alternative interpretation is that the 543 
lake was created by the blockage of the Gállego River by the Aguas Limpias glacier after the MIE as in 544 
other Pyrenean valleys (Turu et al., 2016). However, multiple lines of evidence indicate that the landslide-545 
related damming is the most reasonable explanation: (1) There is a clear spatial correlation between the 546 
Sextas landslide and the lake deposits restricted to a small stretch of the valley situated just upstream (Fig. 547 
8). (2) There is a consistent match between the altitudinal distribution of the lake deposits and that of the 548 
lower part of the landslide body. (3) Lack of glacial deposits including granite boulders in the vicinity of 549 
the Sextas landslides, that would support the damming of the valley by a glacier that expanded upstream 550 
into the Upper Gállego valley. (4) Borehole data reveal that the deposit of the Sextas landslide overlies 551 
fluvial gravel of the Gállego River. (5) In the Pyrenees, glaciolacustrine basins developed in large 552 
tributary valleys dammed by glaciers show much larger extents and sediment thicknesses in excess of 50 553 
m (e.g., Salazar-Rincón et al., 2013; Sancho et al., 2018). 554 

 555 
7. Conclusions 556 
A cartographic landslide inventory of the Upper Gállego Valley revealed that a significant proportion of 557 
the mapped area is affected by large flow-dominated landslides in slates influenced by the attitude of the 558 
bedding with respect to the aspect of the slopes. Multiple lines of evidence, such as anomalies in the 559 
longitudinal profiles of streams, inclinometer and radar interferometry data and recent human-induced 560 
reactivation events indicate current or recent activity in a significant proportion of the landslides. The low 561 
displacement rate of the earthflows and slides and erodibility of the landslide deposits are the main factors 562 
that limit the development and size of the natural dams. Only five landslides were able to dam streams in 563 
the past, creating landslide-dam lakes recorded as infilled basins or dissected terraces that persisted for 564 
thousands of years. Three of them developed in narrow valley sections related to the occurrence of paired 565 
landslides on both sides of the valley. 566 

 567 
The obtained radiocarbon and single-grain OSL ages of the landslide-lake sediments range between 41.5 568 
± 3.9 ka and 15.1 ± 0.3 ka and provide interesting information on the timing of landslide activity and the 569 
chronology of the glacial history in the Gállego Valley. The ages indicate long-sustained landslide 570 
activity after glacial retreat and support the interpretation that the regional Maximum Ice Extent (MIE) in 571 
the Pyrenees occurred during MIS 4, as proposed by numerous authors.  572 
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Table Captions 870 
Table 1. Code of samples dated by AMS (accelerator mass spectrometry), site, laboratory number 871 
(Poznań Radiocarbon Laboratory), material, conventional radiocarbon ages, and calibrated age ranges 872 
with an error margin of 2 sigma (using CALIB 7.1 and the data set IntCal 13; Reimer et al. 2013). Figures 873 
in parentheses indicate the relative area under the probability curve. 874 
 875 
Table 2. Dose rate data, equivalent dose estimates (De) and single-grain OSL ages obtained at CENIEH 876 
laboratory from the samples collected in the Peyreget and Sextas landslide areas.  877 
 878 
Table 3. Damming landslide features and chronological age of landslide-lake sediments.  879 
 880 
 881 
Figure Captions 882 
Fig. 1. Geographical location of the study area and sketch of the Gállego Valley showing the main 883 
lithological domains, the maximum extent of the glaciers and associated moraines (light gray), the extent 884 
of the glaciers during the Last Glacial Maximum and Oldest Dryas and the corresponding moraines (dark 885 
gray; Palacios et al. 2015), numerical ages of glacial and other deposits (1. Lewis et al. 2009; 2. 886 
González-Sampériz et al. 2006; 3. Montserrat 1992; 4. García-Ruiz et al. 2003; 5. Palacios et al. 2015) 887 
and location of large damming landslides (asterisks). In parentheses ages considered as inadequate by 888 
Lewis et al. (2009). 889 
 890 
Figure 2. Geomorphological map showing the distribution of large landslides in the study area, indicating 891 
moraines from the Upper Gállego and Aguas Limpias glaciers (MIE, LGM and OD for Maximum Ice 892 
Extent, Last Glacial Maximum and Oldest Dryas, respectively), the movements that have generated 893 
temporary natural dams (damming earthflows), and lake basins, expressed as infilled basins or perched 894 
lacustrine terraces. 895 
 896 
Figure 3. (A) Image of the Peyreget earthflow on the left margin of the Brousset Creek (dotted line). T 897 
stands for lacustrine terrace and RG for rock glacier. Midi d'Ossau Peak in the background, a Permo-898 
Triassic andesitic volcanic neck. Note slope deformatio scarps to the right of the Midi d'Ossau Peak (© 899 
Francisco Gutiérrez 2017). (B) Longitudinal profile of terraces and detailed map of the lower part of 900 
Peyreget earthflow and the associated paleolake basin generated by the blockage of the Brousset Creek.  901 



 902 
Figure 4. Hand-dug pits excavated in lake deposits for geochronological sampling. (A) OSL sample (P3) 903 
collected in Peyreget. (B) Location of OSL sample (S1) collected in the Sextas lake deposits, close to its 904 
basal contact with the bedrock. 905 
 906 
Figure 5. The Portalet slide and damaged parking lot.  907 
 908 
Figure 6. (A) Convex longitudinal profile and slope values (s) of the Brousset Creek at the Portalet 909 
landslide. (B, C) Graded and convex longitudinal profiles of the Upper Gállego River at the Batallero 910 
earthflow and Mulas slide, respectively. 911 
 912 
Figure 7. (A) Oblique aerial view of the Batallero earthflow and the lake basin (LB) developed upstream 913 
in the floor of the Gállego River valley. Arrows point to the start and end points of a ski lift built on the 914 
apparently inactive slope movement (© Francisco Gutiérrez 2017). (B) Oblique aerial view of the Mulas 915 
landslide complex and the infilled lake basin (LB) developed upstream, at the confluence between the 916 
Culivillas Creek and the Gállego River (© Francisco Gutiérrez 2017).  917 
 918 
Figure 8. (A) Oblique aerial view of the Sextas landslide and some of the dissected lacustrine terraces (T) 919 
located upstream. The sampling site is situated beneath a terrace tread to the right of the image. The trace 920 
of the abandoned and new ski lifts are indicated (© Francisco Gutiérrez 2017). (B, C) Detailed map of the 921 
lower part of the Sextas landslide and the dissected lacustrine terraces developed upstream. The 922 
longitudinal profile shows the relative position of the river channel, and the incised lacustrine deposits 923 
overlain by alluvial facies, as well as the position of the samples dated by OSL.  924 
  925 
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date (1σ) (yr 
BC) 

Calibrated 
date (2σ) (yr 
BP) 

P2/Peyr
eget 

Poz-
37787 

organic sediment 
enriched in 
charcoal 

12720 ± 80 
15.286-15.032 
(1.0) 

15.406-
14.777 (1.0) 

P3/Peyr
eget 

Poz-
37788 

organic sediment 15140 ± 90 
18.532-18.293 
(1.0) 

18.625-
18.131 (1.0) 

 946 

Table 1. Code of samples dated by AMS (accelerator mass spectrometry), site, 947 

laboratory number (Poznań Radiocarbon Laboratory), material, conventional 948 

radiocarbon ages, and calibrated age ranges with an error margin of 2 sigma (using 949 

CALIB 7.1 and the data set IntCal 13; Reimer et al. 2013). Figures in parentheses 950 

indicate the relative area under the probability curve. 951 
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 953 


