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LOCAL EXCURSIONS

Puigpedrós - Perafita mountains, Cerdanya
de Andrés, N.1, Palacios, D. 1, Fernández-Fernández, J.M. 1, Oliva, M. 2

 1Universidad Complutense de Madrid
 2Universitat de Barcelona

The trip visits some of the main 
glacial cirques in the southeasten 

Pyrenees, in the Cerdanya region 
(Catalonia). This region forms a 
depression located between the 
central Pyrenean axis (the so-called 
Axial Zone) and the outer mountain 
ranges (Pre-Pyrenees). The depression 
is crossed by the river Segre between 
the towns of La Seu d’Urgell (west) and 
Puigcerdà (east), right on the border 
with France. To the north of the Segre 
River, there are the massifs, namely 
Tossa Plana de Lles (2,904 m) to the 
west and Puigpedrós (2,914 m) to 
the east, which form part of the Axial 
Zone, composed of Palaeozoic rocks, 
mainly metamorphic and plutonic. To 
the south of La Cerdanya we find the 
Cadí-Moixeró pre-Pyrenean ranges, 
composed of Mesozoic and Cenozoic 
rocks, mainly limestones, sandstones 
and conglomerates.

INTRODUCTION

Figure 1. Maximum ice extent of the last glacia-
tion in Cerdanya area and location of figures in 
this field guide. Adapted from Salvador-Franch 
et al. (2021).
The geographic characteristics of these mountains and their geomorphological evolution have been 
recently described in the book “Iberia, Land of Glaciers” (Oliva et al. (Eds.), 2021), specifically in the chap-
ter dedicated to the Eastern Pyrenees (Salvador-Franch et al., 2021). In this guide, we will refer to the 
information provided in this book and the publications cited therein.
The trip will focus on the cirques located on the southern slopes of the northern massifs of La Cerdanya. 
The Puigpedrós massif is bounded to the east by the Querol River, which descends from the Carlit mas-
sif at 2,921 m (in France), and connects with the Segre River near Puigcerdà. To the west, it is bounded 
by the Duran Valley, with important glacial cirques at its head. The summits of Puigpedrós are flattened, 
as they correspond to the remnants of ancient erosion surfaces, and steep tectonic steps on its slopes 
alternate with several staggered erosion surfaces at different elevations. Six glacial cirques are carved 
out in the northern slope of the flat summit plateau up, with vertical walls and very flat bottoms.  The 
Tossa Plana de Lles massif stretches from the Llosa Valley in the east, the head of which lies between 
the Andorran mountains and the Arànser Valley in the west, which borders the Andorran administrative 
border. The configuration of the relief in this massif is similar to that of Puigpedrós, also with flattened 
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summits and numerous cirques on its southern slope. The most outstanding one is the cirque of La 
Pera, located at the head of the Arànser, under the Pic de Perafita (2,752 m). 
Tectonic dynamics in Cerdanya are characterized by active processes resulting from extensional fea-
tures due to the post-orogenic uplift of the mountain range, and trans-tensional due to the opening of 
the Valencia Trench, with a still important influence at present in the network of Segre River dynamics. 
The climate of these mountains is marked by a Mediterranean influence, but with a high degree of 
continentality. The average annual air temperature ranges between 1 and 3 °C at 2,500 to 2,900 m, with 
an annual rainfall accounting for 700 to 1,200 mm between altitudes of 1,000 and 2,000 m. Ca. 25% to 
35% of precipitation occurs in the form of snow at 2,000 m. The vegetation in the mountain belt from 
900 to 1,600/1,800 m is composed of oak (Quercus gr. Fagineae, Q. pubescens, and Quercus ilex) and 
the Scots pine (Pinus sylvestris). The subalpine level (1,600/1,800 to 2,200/2,300 m) is dominated by the 
black pine (Pinus uncinata) and the forest at 2,200/2,300 m is gradually replaced by mountain scrub 
(Juniperus nana and Rhododendron ferrugineum) and grasslands (Festuca supina, F. pseudoeskia, etc.). 
To understand the geomorphological evolution of the Puigpedrós and the Tossa Plana de Lles massifs, 
it is important to consider the intensity of the dense tectonic network that has fractured and altered the 
Paleozoic rocks. This network has been exploited by intense weathering throughout the Quaternary, 
which has formed a deep weathering mantle in the crystalline rocks, deeper in areas affected by faults. 
Due to the low altitude of these mountains, Quaternary glaciers were concentrated in the highest cir-
ques but with limited extent, much smaller compared to the Central or Northern Pyrenees. Only below 
the summits above 2,900 m altitude, extensive glaciers developed, with ice masses descending from 
coalescent cirques and formed valley glaciers of 3-10 km in length. The interfluves and lower sum-
mits were not glaciated as shown by the presence of the thick (chemical) weathering mantle. On the 
contrary, the valleys that hosted glaciers dragged this mantle, which allowed the formation of large 
moraine deposits in relation to the limited size of the glaciers that built them. In many glacial cirques, 
however, remnants of the weathering mantle were preserved on the tops of their walls and in the chan-
nels that follow the fracture lines. This explains why, after the deglaciation of the cirques or during their 
deglaciation process, paraglacial processes on the slopes were so that intense and produce so much 
debris. This may be the origin of the abundant rock glaciers found in most of these cirques.
The highest peaks were also covered by glaciers; however, other culminating do not show evidence of 
glacial erosion. On the contrary, their broad flat surfaces show often include patterned ground features. 
It is not clear whether these- surfaces were glaciated and the gentle slopes prevented glacial erosion 
or whether, on the contrary, they were not covered by ice masses and the low temperatures prevailing 
during the periods of maximum glacial extent - of more than 10 ºC lower than today in the Pyrenees - 
were the cause of the formation of these meter-sized sorted circles. The only moraines formed during 
glaciations prior to the last glacial cycle correspond to the frontal moraines of the Querol Valley, located 
around the town of Puigcerdà. In the Puigpedrós and the Tossa Plana de Lles massifs, the maximum 
glacial extent coincided with the Last Glacial Maximum (LGM; 29-19 ka) as they were dated through 
Cosmic-Ray Exposure (CRE) dating at around 24 to 19 ka - except for some glacial boulders, found in 
front of large moraine formations of the LGM, with ages between 35-50 ka (Delmas, 2015) -. After the 
LGM, there is evidence of rapid glacial retreat, interrupted only by small glacier advances or standstills 
dated at 16-15 ka. Most likely, the glaciers disappeared from most of the cirques at the beginning of the 
Bølling-Allerød (BA) interstadial, as CRE dating of polished rock surfaces revealed. In some cirques, rock 
glaciers formed at that time, whose fronts stabilized almost immediately, while their roots remained 
active until the middle of the Holocene. Only some north-facing cirques under higher peaks (around 
2,900 m), hosted glaciers during the Younger Dryas.  The Cadí-Moixeró Pre-Pyrenees massif, composed 
of Mesozoic and Cenozoic rocks, will not be visited during this trip, but its northern face can be observed 
during the route. In this slope, there are 19 glacial cirques of a very small size (1 to 1.5 km long), embed-
ded in old torrential headwaters. Small glaciers left frontal moraines at 1-3 km from the headwaters, at 
minimum altitudes of 1,600 m. The southern slope includes only three glacial cirques, but they are the 
largest as the slope is less pronounced that the very steep northern walls.
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THE ROUTE
Figure 2. Itinerary map and 
overview. Key of symbols 
1: road route; 2: walking 
route; 3: stopping points 
(labels 1 to 7 locate the 
sequence); 4: settlements 
(main towns).

The aim of this stop is to observe the Querol fron-
tal moraine system, close to Puigcerdà town, east 
of Guils de Cerdanya village, with the large lateral 
and frontal moraines of the Querol Valley, the most 
relevant in the southern slope of the eastern Pyre-
nees. A former glacier descended from the Carlit 
Peak (2,921 m) and ended in the plains near the 
town of Puigcerdà, at least during the last three or 
four glaciations. This complex will be covered and 
explained in detail in the trip to Têt - Angoustrine 
– Querol - Col de Puymorens, but we will stop here 
to enjoy the excellent view of this exceptional mo-
raine landscape, despite substantial human distur-
bance in the area. The description of the complex 
here follows the summaries given in Delmas et al. 
(2022) and Calvet et al. (2022).
The innermost moraine system dates back to the 

LGM, with an average CRE age between 24 and 
25 ka; it is divided into several ridges that show 
evidence of the frequent pulsations of the LGM. Al-
though the outermost ridges of this system can be 
from the MIS 2, 3 or 4. A second moraine system, 
possibly originated during MIS 6, is located ahead 
of the younger moraines mentioned above. It for-
ms an important crest just below Guils de Cerdan-
ya and is clearly visible on the hill (Puig San Martín 
1,302 m) located just south of the town of Saneja.
The existence of several moraine boulders in the-
se old moraines, with a similar degree of alteration 
and topographically related to fluvioglacial terra-
ces covered with ancient soils like those studied 
in the Ariège Valley (nearby valley) suggests that 
it may have developed during the Marine Isotope 
Stage (MIS) 6 as the latest. 

1 Guils de Cerdanya: Moraine complex from several glaciations distributed 
across the Puigcerdà surroundings
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This moraine connects with the intermediate flu-
vioglacial terraces (T2), which are clearly visible to 
the south of Saneja and to the east of Puig de San 
Martín. The terrace is currently occupied by a golf 
club, at 1,120 m elevation. At a slightly lower altitu-
de, around 1110 m, are the terraces (T 1) that link up 
with the LGM moraines, located to the north of the 
town of Puigcerdà.
Just to the east of Guils de Cerdanya village, we 
can observe the outer lateral moraine and con-
nects with the fluvial terraces (T3), in the vicinity of 
Bolvir. This terrace can be clearly seen southeast 
of Bolvir, where a plateau remains, occupied by 
the Corona housing development, at an altitude 
of 1140 m. These moraines have the same degree 
of alteration and the soils yielded a similar age to 
that of the moraines that end near the town of Pui-
gcerdà. Therefore, these moraines are superimpo-
sed on older terraces (T4) occupied by the centre 
of the town, which could be originated at the MIS 
10-12. A second moraine ridge, possibly of MIS 6 
age, is interposed between the previous moraines 

and the town of Puigcerdà. These moraines are lo-
cated just below Guils de Cerdanya and are clearly 
visible on the hill (Puig Sant Martí, 1,302 m) located 
just to the south of Saneja village. These moraines 
link up with the intermediate fluvioglacial terraces 
(T2), which are clearly visible to the south of Saneja 
and to the east of Puig de Sant Martí. The terrace 
is located below T3, to the east, and is occupied by 
a golf club, at 1120 m altitude. At a slightly lower 
altitude, around 1,110 m, we find the terraces (T1) 
that link up with the LGM moraines, located to the 
north of the town of Puigcerdà. As has been exp-
lained, the only features dated in the entire com-
plex are the innermost moraines and their corres-
ponding terraces (T1), originated during the LGM. 
The correlation between the terraces T2, T3, and 
T4 and the Stadial MIS 6, MIS 8 and MIS 10-12, res-
pectively, are based on ages obtained in similar re-
lative chronostratigraphic positions in the central 
and eastern Pyrenees (synthesis in Delmas et al., 
2022 and Calvet et al., 2022).

Figure 3. Glacial deposits in the Querol River basin with the existing dates. Key of symbols— 1- Pre-Eemian moraines (MIS 
8–10). 2- Pre-Eemian moraines (MIS 6). 3- LLGM moraines. 4- Post-LLGM moraines. 5- Rock glaciers. 6- Glaciofluvial terraces 
(generation T1) connected to the Late Pleistocene moraines. 7- Glaciofluvial terraces (generation T2) connected to pre-Ee-
mian moraines. 8- Intermediate glaciofluvial terraces (generation T3). 9- Uppermost (and oldest) glaciofluvial terraces (Pui-
cerdà outwash plain). 10- Late Pleistocene ice-marginal glaciolacustrine deposits. 11. Ice-polished bedrock step. 12. Low-gra-
dient pre-Quaternary erosion surfaces). The red stars locate the point of the route stops and the associated number indicates 
their sequence. Spot elevations in metres above the sea level. Adapted from Delmas et al. (2022) and Calvet et al. (2022).
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At this stop, we can observe the contrast between 
the landforms generated by large glaciers and the 
landforms left by more marginal one, located on 
lower peaks and on the southern slope. In the first 
case, the glaciers generated in the highest peaks 
of the eastern Pyrenees, whereas in the Carlit 
(2,928 m) large ice caps developed. From these ice 
caps, outlet glaciers descended the Querol Valley 
during periods of large glacial expansion, which 
reached the current location of Puigcerdà, as it 
was seen in the previous stop. Lateral moraines 
can be seen in the slopes below the stop, towards 
the east, parallel to the Querol River, which are cu-
rrently being eroded. Some of the outermost rid-
ges of these moraines are considered to date back 
from an earlier glaciation due to the high degree 
of surface weathering of their boulders. The main 
ridges of these lateral moraines have been attri-
buted to the LGM. Parallel lateral moraines can be 
clearly observed on the opposite slope of the Que-
rol valley, as well as the deep incisions caused by 
post-glacial erosive dynamics.

In contrast to these large lateral moraines existing 
in the Querol Valley, we can see to north of the 
stop the front of a large moraine complex des-
cending from the group of seven glacial cirques 
on the eastern slope of Puigpedrós Peak (2914 m). 
The small glaciers of these cirques converge on a 
very flat surface, which corresponds to the Plana 
de La Màniga-La Feixa. From here, a former gla-
cier was fed by all the small cirques, resulting in 
a single ice mass that descended mainly towards 
the east but did not reach the lateral moraines of 
the Querol Valley. Another small tongue descen-
ded towards the west, covering one slope of the 
Durán Valley. The low intensity of glacial erosion 
in these cirques implied that important remnant 
of the weathering mantle have been preserved on 
their walls. For this reason, despite the small size 
of these glaciers, their debris load was very signi-
ficant. In fact, the moraines that cover the La Feixa 
plateau are considered to result from the collapse 
of a debris-covered glacier.

2 Guills-Fontanera Nordic ski resort: Lateral Moraines of Querol valley and 
frontal moraine complex from La Feixa-Malniu glacial cirques.

Figure 4. Querol valley, upstream of Puigcerdà, to the north, with lateral and frontal moraines of at least three glacial cycles 
and their corresponding fluvioglacial terraces. To the left, the Puigpedrós (2914 m) massif and its southern glacial cirques.
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From stop 2 we can see the huge 100 m high front 
of the moraine complex, where the boulders were 
transported by the glaciers along 3 km from the 
cirque walls. CRE dating of the outermost boul-
ders of the moraine complex showed ages falling 
within the LGM. However, beyond this front, there 
are some aligned glacial boulders defining a small 
arc that reported exposure ages between 40 and 
50 ka; this is the only place (at least in this sec-

tor) where it is proven that the maximum advan-
ce of ice during the last glaciation occurred prior 
to the LGM. Above the main moraine complex, in 
the easternmost cirque, small rock glaciers can be 
seen within the cirques, showing that the end of 
deglaciation culminated in the formation of these 
periglacial landforms.

Figure 5. Distribution of glacial and periglacial landforms in La Màniga-La Feixa complex with associated surface exposure 
dates according to Oliva et al. (2019). Adapted from Salvador-Franch et al. (2021).

Figure 6. In the foreground, Saneja 
village under the hill of Puig de St. 
Martí (1302 m), with the moraine 
formed probably during MIS 6: in 
the foreground, the northern slo-
pe of the Pre-Pyrenean massifs, 
from left to right of the Tosa d’Alp 
(2,536 m), Moixeró-Cadí (2,648 m)
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Between the La Màniga-La Feixa morainic com-
plex and the lateral moraines of the Querol Valley, 
the slopes have not been affected by glaciers and 
therefore conserve relief features characteristic of 
the deep chemical weathering of the crystalline 
rocks, with abundant tors and alteration basins. 
To the south, on the other side of the Cerdanya 
depression, the Pre-Pyrenean mountains can be 

seen, amongst them the Tosa d’Alp (2,536 m), to 
the west, and the Cadí-Moixeró massifs (2,648 
m) to the east. In the Tosa d’Alp there are glacial 
cirques approximately 1.5 km long in its western, 
northern, and eastern slopes. The largest cirque, 
facing the north-northeast, is 1,800 m long and left 
some moraines. This entire glacial cirque has been 
heavily damaged by the Masella ski resort.

3 Plana de La Màniga-La Feixa: the limits of glacial expansion and the contrast 
between glaciated and non-glaciated areas

Stop 3 is in front of the frontal-lateral moraines 
of the La Màniga-La Feixa complex. To the north, 
the peak of Puig Pedró de la Tossa (2692 m) can 
be seen, located on the eastern slope of the Pui-
gpedrós peak (2913 m). Both peaks are joined by a 
flattened summit surface that corresponds to the 
remnants of an old erosion surface, uplifted by tec-
tonic dynamics. This summit surface lacks erosive 
glacial landforms but, on the contrary, preserves 
important areas occupied by periglacial patterned 
ground. It remains unclear whether this area was 
covered by glaciers with very limited erosion capa-
city, or it remained ice-free, under the influence of 
intense periglacial processes. 
Below this summit sector, on the edge of a tec-
tonic step, the seven glacial cirques that fed the 
Plana de La Màniga-La Feixa glacier can be obser-
ved. Right at the top of the walls, it is clearly visible 
the cut on the deep weathering mantle, where the 

crystalline and metamorphic rocks are intensely 
sandblasted. This alteration level has supplied lar-
ge volumes of debris deposited onto the surface 
of the former glaciers, leading to the formation 
a large debris-covered glacier on the Plana. This 
glacier encountered an obstacle in its southward 
advance in the Bosc del Gili hill (2,248 m), which 
protrudes only 50 m above the Plana. The obstacle 
was sufficient to create a glacial diffluence, where 
part of the glacier turned westwards and plunged 
over the lateral slopes of the Durán Valley. The 
other sector of the glacier turned eastwards and 
advanced towards the east, hanging over the Que-
rol Valley, as it was seen in the previous stop. The 
stop is therefore located at the point of diffluence 
between the two main glacial flow lines. 
The moraine of the debris-covered glacier is for-
med by a set of ridges parallel to the main flow 
of the former glacier. CRE dating yielded ages 
between 20 and 27 ka for the boulders of the ou-
termost ridge, demonstrating a glacial advance 
during the LGM. The following inner ridges show 
somewhat lower exposure ages, between 19 and 
20 ka, representative of the occurrence of the pul-
sations at the end of the LGM.
Towards the central part of the glacial moraine sys-
tem, parallel ridges tend to disappear and adopt 
a hummocky topography; we interpret this as the 
progressive disintegration of the glacier, with a pe-
riod of dead ice followed by its slow chaotic mel-
ting across the Plana. Collapse depressions are 
frequent in these sectors, and some of them are 
occupied by small lagoons and peatlands. Further 
inland, towards the peaks, there is a core of con-
centric moraine ridges overlapping the outermost 
ones, where CRE dating yielded younger ages, be-
tween 16 and 17 ka. 

Figure 7. In the background, the Puigpedrós (2914 m) mas-
sif and its southern glacial cirques. Below the cirques, in the 
forest, the moraine complex of La Màniga-La Feixa. In the 
foreground, in the forest-free plains, the area not affected by 
glaciers of the La Màniga-La Feixa.
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The ages allow us to infer that these moraines co-
rrespond to glacial advances related to the Hein-
rich-1 Stadial. Behind, already at the base of the 
upper cirques, polished rock outcrops have been 
dated to 16 ka. Further up, under the walls of the 
small cirques, small rock glaciers are present, 
some of whose fronts have been dated, yielding 
ages that evidence their definitive stabilization at 
the beginning of the B-A Interstadial at ca. 14-15 
ka. Thus, the moraine and rock glacier complex of 
La Màniga-La Feixa preserves the entire history of 
the culmination of the last glacial cycle and the 
deglaciation. In these cirques there is no eviden-
ce of glacier inception during the Younger Dryas, 
probably due to their low altitude and southern 
orientation, although moraines of this age have 
been found in the highest cirques on the northern 
slopes of these peaks.
In this stop we can observe the contrast in the 
landscape between the sectors dominated by gla-

cial erosion and sedimentation and those that were 
not affected by glaciers, such as the southern area 
of the Plana de La Màniga-La Feixa. These latter 
are dominated by the sandy alterites soils, and the 
alternation of (chemical) weathering depressions 
where water accumulates in the subsoil, and rock 
outcrops forming tors and other physical weathe-
ring landforms. It is precisely in the depressions 
with a deeper water table that freeze-thaw proces-
ses easily form periglacial microforms in the soils, 
such as earth hummocks, solifluction sheets and 
lobes, turf-banked terraces, etc. Remarkably, ex-
tensive earth hummocks persist on the southern 
side of the plateau (non-glaciated during the last 
glacial cycle), being one of the most impressive 
active periglacial features in the Eastern Pyrenees. 
The area is under a seasonal frost regime, with 
negative ground temperatures from November 
to April/May; this fact, together with intense snow 
drift in this flat environment, favour intense cryo-
turbation dynamicsand the development of these 
periglacial features. In recent decades, a rise in the 
timberline has been observed, with the black pine 
reaching 2,300-2,350 m a.s.l. This increase may 
have multiple origins. Firstly, due to the reforesta-
tion in some sectors of this mountain range, es-
pecially on the steeper slopes. It is also due to the 
decrease in summer grazing, as livestock tends to 
stay more in the lowlands. At present, grazing is 
limited to the flat areas with well-developed soils, 
such as the Plana de La Màniga-La Feixa. Never-
theless, natural causes are also important, with a 
steady decline in the permanence of snow on the 
ground, especially during the spring season, more 
evident since the late 1970s. This decline is a ma-
jor issue in many of the region’s ski resorts, which 
are increasingly producing artificial snow.

Figure 8. Active earth hummocks field on the non-glaciated 
southern side of the plateau of the La Màniga-La Feixa.

4 Malniu Lake: a route through the labyrinth of moraine ridges from the LGM to 
the last moraines of Hienrich Stadial-1 at the base of the cirques.
45 min hiking.

re La Màniga-La Feixa moraine complex along the 
diffluence between the western sector (towards 
the Durán Valley) and the eastern sector (towards 
the Querol Valley). In the first sector of the route, 
the path ascends from 2,200 m, where La Feixa is 
located, to 2,265 m, the highest elevation of the 
complex. This sector of the route crosses the LGM 
moraine system, dated from the beginning of the 

period (around 27 ka) to the onset of deglaciation 
(19 ka). The route crosses the enti From this high 
point, the path descends to the Malniu Lake (2,255 
m) an overdeepened depression probably associa-
ted to the last glacial advance (Heirinch-1 stadial). 
The path keeps crossing several moraine ridges 
younger that the previous ones (between 16 and 
17 ka) that dam the lake’s waters. 
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Above the lake, there are 
some glacially polished 
rocky outcrops and some 
higher moraines, with ages 
around 16 ka, which also 
retain the waters of sea-
sonal lagoons. In the eas-
ternmost cirque of Malniu 
Lake, above the polished 
rocky outcrops, the front of 
a small rock glacier can be 
seen. This rock glacier has 
its roots at an altitude of 
2,550 m and ends at 2,400 
m with a length of ca. 400 
m. Its front has also been 
dated and revealed a sta-
bilisation age between 14 
and 15 ka. Rock glaciers of 
similar dimensions extend over most of the cirque 
bottoms and are associated with the significant 
vertical development of the walls. Their origin has 
been related to the last phases of deglaciation, as 
their fronts have yielded the same age at the be-
ginning of the B-A interstadial. The origin of the-
se rock glaciers can lead to an interesting discus-
sion about their relationship with both cold crises 
(which enhance the role of permafrost in their for-
mation) or warm crises (which promote the degla-
ciation of the cirque walls and trigger paraglacial 
processes). These processes are particularly inten-
se given the weakness of the weathering mant-
le observed in the culminating sectors of these 
walls. This weathering mantle explains the huge 
volume of debris distributed between the morai-
nes maze as well as the enormous size of most of 
their boulders. However, it may also explain how 
these debris covered the small glaciers during 
the beginning of the interstadial. This must have 
allowed their evolution into rock glaciers with a 
certain flow capacity, although the stabilization of 
their fronts occurred shortly after their formation. 
Another alternative hypothesis of rock glaciers 
being formed during the Older Dryas cold crisis 
is also plausible. Unfortunately, the high range of 
uncertainty provided by CRE dating complicates 
the interpretation. However, according to other 
palaeoclimatic proxies, the impact of this stadial 
in the region was very limited as it was short and 
characterized by cold and arid conditions.

Unfortunately, the route does not include a visit to 
the northern slopes of these massifs, whose lands-
cape is very different from that of the southern 
ones. These northern cirques are not very accessi-
ble and require long walks to observe them, which 
has not favoured geomorphological research yet. 
In the north, the cirques fed relict rock glaciers of 
much greater size and complexity, including over-
lapped lobes of various generations, with their len-
gths often exceeding 1 km. 
Moreover, they are not only present at the bottom 
of the cirques, as in the south, but are also frequent 
at the foot of rock fall talus, on slopes or walls at va-
rious locations. Moreover, their fronts can descend 
to 2,000 m. These northern rock glaciers have no 
chronology of their formation and development is 
yet available, but logically their origin is likely to 
be more complex than in the case of the southern 
ones, probably more related to a cryogenic origin 
than to the gradual transformation of retreating 
glaciers. The route does not reach the summit sur-
faces, although their observation poses very inte-
resting problems at the transition between glacial 
and periglacial domains. As it was mentioned abo-
ve, the flat summits preserve a deep weathering 
mantle. Rocky outcrops are scarce and lack poli-
shed surfaces. They look more like ancient tors. On 
the other hand, inherited periglacial landforms are 
numerous. In some sectors, there are remnants 
of large, sorted circles, stone stripes, blockfields, 
block streams, nivation hollows and cryoplanation 

Figure 9. Rock glacier in the cirque of Clot de Malniu, above the lake of Malniu, with possi-
ble origin in the B-A interstadial
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terraces. All these features, which may be rela-
ted to the existence of permafrost, are currently 
inactive. The visit to these summit surfaces could 
bring an interesting discussion about their origin, 
whether they were actually covered by glaciers or 
the action of the wind drifting prevented snow ac-

cumulation on the summits. The age of these an-
cient periglacial formations related to the existen-
ce of permafrost can also be discussed. They may 

have formed during the LGM, the coldest phase 
of the last glacial cycle, thanks to the absence of 
glaciers on these summits. These landforms may 
have also been formed prior to last glaciation and 
glaciers did not erase them due to their low ero-
sion capacity, given the low slope and high altitu-
de; this fact, together with a thin ice mass, could 
have favoured the development of cold-based 
glaciers. Another possibility would be that they 
were formed just following the glacial retreat af-
ter the LGM, and that the glaciers were replaced 
by intense periglacial conditions under a perma-
frost regime - this may have happened during the 
Heinrich-1 Stadial, one of the coldest phases of the 
last glacial cycle, as shown by other palaeoclima-
tic records in the Pyrenees. At present, periglacial 
landforms are related to seasonal frost, such as 
earth hummocks, ploughing boulders, turf-banked 
terraces, solifluction sheets and lobes, small niva-
tion niches, etc. These landforms are either active 
nowadays or show recent activity, and they are 
always related to the existence of fine materials in 
the soil, derived from the subaerial disintegration 
of the weathering mantle.

Figure 10. Network of periglacial polygons on the flattened 
peaks of Calmquerdós.

The route continues along the Duran Valley, whe-
re a former alpine glacier descended from the 
western slope of Puigpedrós Peak, leaving lateral 
moraines dating back to the LGM. Back to the Se-
gre Valley, the trip will continue towards the Llo-
sa Valley where Stop 5 will take place and we will 
have lunch. The Llosa Valley follows a major fault 
line that crosses the entire Pyrenees from north to 
south and separates the Puigpedrós massif to the 
east from the Tossa Plana de Lles (2,904 m) to the 
west. The head of the valley is already in Andorra, 
and it is surrounded by peaks up to 2,700-2,800 m. 
An important glacier filled the entire headwaters 
and was connected by a col to the east with gla-
ciers that descended towards the Querol Valley, 
going all the way around the Puigpedrós massif 
to the north. The elevation of the lateral morai-

ne remnants indicate that the glacier exceeded 
400 m of ice thickness. It descended along 12 km 
through the Llosa Valley to an altitude of 1,200 m 
and was one of the longest glaciers in the sou-
th-eastern Pyrenees. The minimum altitude of the 
Llosa glaciers was very similar to that reached by 
the Querol glaciers in Puigcerdà. 
However, the moraine landscape is very different. 
Here we do not find the succession of moraine ri-
dges that can be seen in Puigcerdà, nor on the La 
Màniga-La Feixa plain, but instead we have a poly-
genic moraine ridge. In the case of La Llosa, the 
palaeoglacier flowed inside the valley in its frontal 
sector and did not extend over the surrounding 
plains, as it occurred in the Duran Valley, Querol or 
Arànser Valley, as we will see in the next stop. 

5
La Llosa glacial valley: LGM lateral moraines, topographically constrained by 
a single moraine ridge and with their fronts completely eroded.
Lunch.
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The ice flow was constrained 
by the narrow and vertical 
valley walls. The consequen-
ce is that, firstly, there is a 
tendency to form a single 
moraine ridge, polygenic, 
where the sediments from 
all the numerous LGM pulses 
must have accumulated. On 
the other hand, the inten-
se erosion of the river has 
dismantled and erased the 
frontal moraines. This com-
pletely limits the opportuni-
ties of successfully applying 
CRE dating to the moraine 
boulders. The geomorpho-
logical setting in the termi-
nal area of the Llosa valley 
is similar to that of the Du-
ran and Aránser valleys, and 
consequently, the dating 
results in the three valleys 
are also similar. The oldest 
ages, corresponding to the 
last pulses of the LGM (20-21 
ka), were obtained from the 
boulders of the most stable 
moraine ridges, located still 
far from the central sector. 
The boulders closer to the 
frontal terminal sector gave 
younger ages, probably due 
to greater denudation com-
patible with the fact that mo-
raines that should have mar-
ked the maximum advance 
of the glacier may have completely disappeared 
due to erosion. In the case of La Llosa, there are 
no dates of more recent moraine formations, as 
they have not been found. A rocky outcrop with 
a polished surface at 1,700 m gave an exposure 
age reporting deglaciation as early as the begin-
ning of the B-A interstadial. Throughout the route, 
the Cadí-Moixeró Pre-Pyrenean massif (2,648 m), 
can be seen to the south. This is the front of the 
thrust mantle of the southern Pyrenees, where the 
Mesozoic and Cenozoic strata, mainly limestone 
and sandstone, have been displaced southwards 
by the uplift of the Axial Pyrenees during the Al-

pine orogeny. This tectonic structure gives rise, as 
in the rest of the Pre-Pyrenees, to dissymmetrical 
mountain ranges, with a very steep northern front 
- as it can be seen from the entire route - and a 
gentler southern slope. In the case of Cadí-Moixe-
ró, the steep slopes of its northern slope have pre-
served a more natural vegetation, with oak groves 
of Q. ruber and beech (Fagus sylvatica) and black 
pine (Pinus uncinata), which explained its designa-
tion as Natural Park. 

Figure 11. Oblique Google Earth views of the maximum ice 
extent moraines of the Duran (A), La Llosa (B) and Arànser 
valleys. Adapted from Andrés et al. (2018) and Oliva et al. 
(2019).
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Here, lower incoming solar radiation allowed the 
formation of numerous small glaciers at the head-
waters of ancient ravines (where 19 glacial cirques 
developed), with glaciers between 1 and 3 km 
long descending to elevations down to 1,600 m. 
In this massif, no rock glaciers developed. On the 
southern slope, despite the glaciers were longer, 

favoured by gentle slopes, only 3 well-developed 
glacial cirques formed, with a strong dissymme-
trical character, as their accumulation areas were 
located on the eastern slopes of the cirques, in 
the lee of the prevailing westerly winds, and sig-
nificantly favoured by the snow blowing over the 
broad and flat summits.

6 Pollineres and La Pera Cirque: The headwaters of the Arànser Valley, glacial 
landforms and visit to the rock glaciers of Claror.
30 min hiking.7

The route continues to 
the massif of the Tossa 
Plana de Lles through the 
dense forest that starts 
at the nordic ski resort 
of Lles. On this southern 
slope of this massif, the-
re are several small gla-
cial cirques, with morai-
nes frequently cut by the 
road. The most important 
of these is found in the 
La Pera Cirque, Arànser 
Valley. The lateral morai-
nes of the Arànser Valley, 
located below the resort 
(1,750 m) can be seen 
from the road. No frontal 
moraines are found in the 
area. CRE dating of these 
lateral moraines gave si-
milar ages to those of the 
Llosa and Duran valleys, 
with the same interpre-
tation challenges mentio-
ned in the previous stop. 
The bus route ends at Les 
Pollineres, at an altitude 
of 2,200 m. The car par-
king is just below a sma-
ll rock glacier front, 350 m long on granitic rocks. 
This front has been dated, showing stabilisation at 
the beginning of the B-A interstadial. We will walk 
to the cirque through a series of polished rocky 
steps, with abundant erratic boulders deposited 
on them. Under the east-facing wall, new talus-de-

rived rock glaciers and protalus lobes of about 300 
m in length and steep fronts developed. The forest 
track ends at La Pera lakes. 

Figure 12. Distribution of glacial and periglacial landforms 
in La Pera cirque with associated CRE dates). Symbols key 
1: walking route; 2: stop point. Adapted from Andrés et al. 
(2018) and Oliva et al. (2019).
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La Pera cirque lies below the Perafita Peak (2,752 
m) and is favoured by its easterly orientation, at 
the leeward of the prevailing westerly winds, with 
some mountain ridges with slopes even facing 
north. It is therefore a basin that was very prone to 

glacial accumulation. On the other hand, the walls 
are very vertical and show the presence of rocks 
deeply affected by chemical weathering in their 
upper sectors. The cirque shows a great variety of 
glacial and periglacial landforms, many of which 
have been dated; however, the 36Cl age updates 
gave a very high range of uncertainty, sometimes 
exceeding 2 ka, which makes it difficult to frame 

the ages of the landforms within the rapid succes-
sion of stadial and interstadial cycles of the last 
deglaciation. In any case, the chronological se-
quence is in good agreement with cronostratigra-
phical arrangement and sorts the landforms from 
the oldest (to the west) to the most recent (to the 
east).  
In the lower, easternmost part of the cirque there 
are a series of glacially polished rock steps. Their 
dating yielded the oldest ages of the cirque, with 
an uncertain age ranging from 20 to 16 ka, althou-
gh the chronological sequence and the geomor-
phological setting indicate that the most recent 
age corresponds to the deglaciation time at this 
site. The eastern part of the cirque is enclosed by a 
moraine, which also dams a lake. A single boulder 
of this moraine gave an exposure age between 
11.7 and 13.9 ka; however, as it is a single block, this 
age should be taken with caution, especially with 
such a high age uncertainty. The route climbs up 
the moraine and enters the western sector of La 
Pera cirque, known as the Claror. This sector is ex-

posed only to the west and is enclosed by steep 
walls facing south, east and north. From all of them  
there areblocky landforms of different characteris-
tics. Many of them correspond to well-developed 
rock glaciers, with numerous transverse arches, 

Figure 13. Rock Glacier dominating the eastern wall, above 
the parking at Les Pollineres (2,200 m).

Figure 14. On the right, the Perafita Peak (2,752 m) above of 
the La Pera lake. On the central and left sectors, The Claror 
area, the western sector of the La Pera cirque, with several 
rock glacier formations.
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and several generations overlapping each other. 
This is the case of those located under the eastern 

wall. Others have a transitional morphology be-
tween rock glaciers with some sectors characte-
rized by lobed arches, and former debris-covered 
glaciers, with a thin debris mantle and where lon-
gitudinal ridges predominate, such as those des-
cending from the southern wall of Perafita Peak. 
Other formations look more like the frontal mora-
ines of very small glaciers, such as those located 
near to the base of the northern wall. Finally, others 
are halfway between talus-derived and protalus 
rampart, such as those found on the northern wall. 
Obviously, it should be borne in mind that these 
landforms are dependent on the characteristics of 

the different lithology of these cirque walls, which 
are slates and schists, very different from the pre-
vious sectors visited, composed of granites.
In this case we will not visit the northern slope of 
these peaks. On this slope, as in the case of Pui-
gpedrós, the northern cirques are occupied by 
complex and diverse generations of rock glaciers,  
also abundant at the foot of the talus and with a 
much greater size than those on this southern slo-
pe. The observation of this wide range of blocky 
formations in the Claror sector can give rise to an 
interesting discussion on their origin and, on the 
sometimes-blurred boundaries, between glacial 
and periglacial domains. The discussion can be 
extended to include the factors that condition the 
origin of these formations, such as the different 
lithology (the greater or lesser presence of fines 

and the availability of materials), the aspect, the 
vertical development of the walls and, of course, 
the palaeoclimatic conditions and the subsequent 
elevation of the lowest permafrost elevation du-
ring their active flow period. The only one of these 
formations that has been dated is the one on the 
southern slope, whose front gave ages between 
15 and 11 ka. A boulder from the highest sector of 
the rock glacier at its root yielded an age between 
9 and 7 ka, which suggest that it remained active 
during the first half of the Holocene. This situation 
may lead to an interesting discussion on how to 
date inactive and fossil rock glaciers and the signi-
ficance of the results. 

Figure 15. Overhead vision of a rock glacier on the eastern 
wall of Claror area, in la Pera Cirque. 

Figure 16. Northern face of la Tossa Plana massif, covered by 
rock glaciers of great entity and complexity, which show a 
more varied evolution related to the presence of permafrost 
than those visited on the south face.

Figure 17. Summit surfaces of the western sector of the Tos-
sa Plana massif, east of Perafita Peak, where the weathering 
mantle affected by periglacial processes (patterned ground) 
is preserved.
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The route crosses two massifs that serve as an example of the characteristic landscape of the south-
eastern Pyrenees. The Mediterranean climate-influence defines landscapes in the Eastern Pyrenees 

that are significantly different than those of the Central (greater continentality,igher altitude) and 
Western Pyrenees (higher rainfall, lower elevation). In this sector, erosive glacial landforms predominate 
only on the highest peaks above 2,900 m, especially on the northern slopes. This is where ice caps 
formed, which give rise to longer valley glaciers, such as those of Querol and La Llosa. The moraine 
formations that they left behind depend on the topography of the glacier’s frontal sector. Only in open 
and flat sectors multiple moraine ridges corresponding to two or three glacial cycles can be observed, 
such as in Puigcerdà, or moraines formed during several advances of the last cycle, prior to the LGM, 
such as in La Màniga-La Feixa plain. But with these exceptions, most of the glacial landforms that show 
the maximum ice expansion developed within the LGM. In most of the valleys, there is evidence of a 
glacial advance during the Heirinch-1 Stadial. To date, evidence confirms that glaciers disappeared at 
the onset of the B-A interstadial, although in most of the southern cirques these glaciers evolved into 
rock glaciers (glacier-derived origin).
The complexity of glacial and periglacial evolution is much greater on the northern slopes of the highest 
peaks. It is noteworthy to remember that on these slopes the complexity of the origin of rock glaciers 
is much greater. At the same time, their relationship with the existence of talus slopes affected by 
permafrost is much more frequent (cryogenic origin). Moreover, the impact of the Younger Dryas and, 
probably, the Holocene cold crises, must have had a much greater impact on the evolution of these rock 
glaciers.
The most interesting thing about the periglacial landscape of these southern mountains is that the 
existence of periglacial landforms is closely related to the existence of previous features derived from 
the survival of the weathering mantle, where it was not eroded by subsequent glaciers. In fact, rock 
glaciers formed in these areas where the cirque walls provided a large debris supply; the remnants of 
the weathering mantle is only preserved in the summit surfaces. Rock glaciers are absent on highly 
polished walls intensely eroded by glaciers or in massifs characterized by other lithologies, such as 
the Cadí-Moixeró massif. Patterned ground features (i.e. meter-sized sorted circles), earth hummocks 
and solifluction landforms are mainly present on flat or gently sloping surfaces, where the weathering 
mantle is preserved and where fine sediments allow the formation of these active seasonal frost 
formations.
There are still many questions to be answered about periglacial dynamics in these mountains, such as 
the origin, evolution and age of rock glaciers and patterned ground features in the summit areas, as 
well as the intensity and characteristics of present-day periglacial processes.

CONCLUSIONS

In fact, the ages can be interpreted as the final co-
llapse of the formation and disappearance of the 
inner ice core, or the end of its flow, although the 

ice could remain with no flow much longer, even 
thousands of years, as has been detected in other 
regions.
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Despite their southerly latitude, the Pyrenees were glaciated at every stage of the Pleistocene. The 
Pyrenean icefield typically extended uninterrupted for 250 km from the Capcir Basin in the east to 

Pic d’Orhy in the west (Fig. 1). The spatial distribution of glaciers is now well established and has been 
synthesised and updated repeatedly over time (Penck, 1883, 1894; Taillefer, 1957, 1967, 1969; Hérail et 
al., 1987; Martí Bono and García Ruiz, 1994; Calvet, 2004, with detailed references therein; Barrère et al., 
2009; Calvet et al., 2011; Delmas et al., 2022a, b, c; Delmas et al., 2023a, b, c).

Pleistocene glaciations in the Pyrenees

INTRODUCTION

Figure 1. Quaternary geology of the Pyre-
nees and their piedmont zones: a sim-
plified map. Key to symbols and orna-
ments — 1: Pliocene deposits (marine and 
continental); 2: early Pleistocene (upper 
alluvial and glacifluvial terraces); 3: dated 
alluvial deposits (ESR age); 4: middle and 
late Pleistocene alluvial deposits, Holo-
cene alluvium; 5: Quaternary volcanism 
(late Pliocene to early Pleistocene); 6: 
offshore isobaths, including LGM isobath 
(–120 m); 7: outline of most Late Pleisto-
cene extensive glaciation (differences 
with most extensive Quaternary glacia-
tion are small); 8: middle and late Pleis-
tocene coversands (erg of the Landes); 9: 
other periglacial features — 9a: loess, 9b: 
sand wedges, 9c: cryoturbation features; 
10: aeolian landforms — 10a: deflation ho-
llows, 10b: yardangs. Alluvial deposits af-
ter 1:1,000,000 geological map of France, 
Barrère et al. (2009), and 1:50,000 scale 
IGME sheets, with additional information 
from Mensua et al. (1977).

The spatial distribution of Quaternary glaciers was dictated by dual E–W and N–S asymmetries in the 
climatic and topographic configuration of the orogen (Fig. 2).  The N–S asymmetry is the sharpest, with 
the northern mountain front open to Atlantic influence and concentrating 75% of the glaciated surface 
area.
27



The mean Equilibrium Line Altitude (ELA) for the Quaternary, when reconstructed from isolated cir-
que-floor altitudes, lay between 1200 and 1600 m among the massifs of the North-Pyrenean Zone, 
rising a little into the core of the Axial Zone. The largest outlet glaciers reached lowland altitudes of 350 
m (Ariège) and 450 m (Garonne), with glacier lengths attaining 37 km along the Gave d’Ossau, 50 km 
along the Gave de Pau, 70 km for the Garonne, 65 km for the Ariège, with ice thicknesses in each case 
0.8–1 km. Limiting factors of ice extent have been the narrowness of the Pyrenees (and therefore of the 
accumulation zone), the predominance of transverse drainage, and the limited opportunities for valley 
confluence that such a parallel drainage network imposes on ice flow patterns. The most elevated rid-
ges of the mountain range always stood above the top of the icefield, and transfluence cols between 
parallel valleys are uncommon (Col de Lhers, Col du Portillon). Despite some fairly thin, localised plateau 
icefield occurrences on summit surfaces such as at the Arres d’Anie and in the Aston and Carlit massifs, 
the Pleistocene icefield was thus by no means an icecap. The larger ice accumulation on the north side 
of the range nonetheless contributed to spill over to the southern side via a number of transfluence cols 
across the main divide, each situated at increasingly lower elevations from east to west (Col de Puymo-
rens: 1917 m; Port de Bonaigua: 2072 m; Pla de Beret: 1870 m; Col du Pourtalet: 1795 m; Col du Somport: 
1631 m), with an additional number of more minor divide breaches at higher altitudes.

Figure 2. Glaciation and glacial deposits of the Pyrenees. Key to symbols and ornaments — 1: most extensive glaciation du-
ring the Late Pleistocene (numerous nunataks not shown); 2: possible Late Pleistocene maximum advance of some valley 
glaciers; 3: main transfluence cols between the north and south sides of the icefield divide; 4: pre-Late Pleistocene morai-
nes and till occurrences — 4a: MIS 6 moraines (locally based on exposure ages); 4b: middle to early Pleistocene glacial till; 5: 
exposure-dated frontal moraines and ice-marginal deposits — 5a: MIS 6 frontal moraines (OSL- or 10Be-dated); 5b: MIS 4 to 
LGM frontal moraines (14C-, OSL-, or 10Be-dated); 6: massifs currently hosting residual glaciers (the population of massifs 
with a record of Little Ice Age glaciers is larger). After Calvet (2004), Calvet et al. (2011), and Delmas et al. (2022a, b, c).

The Iberian domain contained comparatively shorter and thinner (400–600 m) valley glaciers, with out-
let glaciers terminating at elevations between 750 m and 940 m. Glacier lengths rarely exceeded 30 
km. The Pallaresa and Valira trunk glaciers may have attained maximum lengths of 60 and 42 km, res-
pectively, but mainly by virtue of the inputs from tributary valley glaciers that could feed into the main 
stem at points quite far down the trunk valley (Serrat et al., 1994; Turu et al., 2007; Turu et al., 2011; Turu, 
2011). 
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Figure 3. Extent of gla-
ciation in the eastern 
Pyrenees (after Calvet 
et al, 2011; Delmas et 
al., 2011; Reixach et al., 
2021). Key to symbols 
and ornaments — 1: ear-
ly Middle Pleistocene 
deposits; star indicates 
isolated erratic boul-
ders in lower Ariège 
valley. 2: mid to late 
Middle Pleistocene de-
posits (probably MIS 
6). 3: Late Pleistocene 
deposits, here shown 
during the most exten-
sive glaciation of that 
period. 4: Main trans-
fluence cols. 5: Local 
LGM Equilibrium line 
altitude. 6: Drainage di-
vide between Atlantic 
and Mediterranean cat-
chments. 10Be-dated); 
5b: MIS 4 to LGM frontal 
moraines (14C-, OSL-, or 
10Be-dated); 6: massifs 
currently hosting resi-
dual glaciers (the popu-
lation of massifs with a 
record of Little Ice Age 
glaciers is larger). After 
Calvet (2004), Calvet et 
al. (2011), and Delmas et 
al. (2022a, b, c).

The Late Pleistocene ELA rose rapidly southward to elevations above 2100–2200 m in the outermost 
massifs of the Axial Zone and Sierras Interiores, and to even higher altitudes in the case of south-facing 
slopes.
The glaciation gradient along the strike of the range was more gradual than across it. The icefield thin-
ned eastward as a combined result of diminishing Atlantic moisture advection from the west and of the 
increase in aggregate sunshine hours under Mediterranean influence. Among the outlet glaciers along 
the northern mountain front, only the Gave de Pau at Lourdes and Gave d’Ossau at Arudy formed pied-
mont glacier lobes. The ELA was particularly low in the Basque Country (1100–1200 m; Viers, 1960). From 
there, it rose progressively along strike, reaching 1300–1400 m among the outermost massifs in the 
Ariège. The ELA attained 1600 m in the upper catchments of the Hers, Aude and Boulzane (Dourmidou 
massif), i.e., ~60 km from the Mediterranean coast. In the eastern Pyrenees, the greater fragmentation of 
relief resulting from Neogene extensional tectonics and relative aridity of the sheltered intermontane 
basins conspired to a confinement of glaciation to the most elevated massifs of the Axial Zone. Here, 
the ELA extended between 2000 and 2300 m, the valley glaciers were short (Têt: 18 km, Querol: 25 km) 
and never extended below the 1000–1500 m contour band. At these easterly longitudes, the icefield 
was often little more than a population of cirque glaciers (Fig. 3).
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These Quaternary glacial gradients were essentially an exaggerated version of present-day climatic 
contrasts, also reflected in the pattern of the modern winter snowline. It can thus be reasonably inferred 
that average climatic conditions and average atmospheric circulation patterns in the region remained 
similar throughout the Quaternary (Barrère, 1954; Taillefer, 1982; Calvet, 1996). These conditions include: 
(i) permanent air flow from the W to NW, bringing snow but also favouring its local redistribution over 
ridgetops, thereby supplying east- and southeast-facing cirques; (ii) the interference of Mediterranean 
air flow from the southeast, which is also a source of abundant snowfall in present-day conditions in 
the eastern part of the range; and (iii) the considerably greater dryness and warmth of the southern and 
eastern Pyrenees compared to anywhere else — with negative consequences on the thermal budget of 
glaciers in those areas.
The geomorphological legacy of Quaternary glaciation on Pyrenean landscapes and slope systems is 
widespread but not often intense. The glacial imprint is strongest in the cirque belt (Crest et al., 2017), 
which in some massifs displays characteristic arêtes and a few pyramidal peaks. In the eastern Pyre-
nees, however, the limited erosive power of the Pleistocene glaciers has, for example, failed to eradi-
cate the erosion surfaces. Very deep mantles of saprolite, which at many places cover these elevated 
residuals of Neogene topography, have been preserved (Delmas et al., 2009). Most of the larger valleys 
nonetheless exhibit large bedrock steps, e.g., along the Ariège at Tarascon or at Les Cabannes. None 
of the wider glacial troughs are calibrated to a characteristic U shape; V-shaped gorge sections are fre-
quent and even include entrenched fluvial meanders (such as between Ax-les-Thermes and Mérens in 
the Ariège). This relatively light erosional imprint of warm-based glaciers also explains the indecision 
among scholars as to the true terminal positions of valley glaciers in some V-shaped valleys such as the 
Noguera Pallaresa, Cinca, Valira, and Salat.

Chronology of glacial fluctuations in the Pyrenees

Pre-LGM chronology

Middle Pleistocene till exists in most outlet valleys of the Aquitaine foreland, whether stratigraphically 
beneath the Late Pleistocene till or slightly forward of Late Pleistocene terminal moraines (Synthesis in 
Delmas et al., 2022a). The earliest evidence of this was provided by the mapping and analysis of alluvial 
fill in limestone caves adjacent to ice-filled valleys. Depending on the ice thickness at each successive 
glaciation, certain cave levels would be supplied by glacifluvial deposits. When sandwiched between 
different generations of speleothems, the age of the gravel or varved silt units in the caves could be 
determined by U–Th dating the encasing calcite concretions. The Niaux–Lombrives cave system, which 
is situated at the junction between the Vicdessos and Ariège valleys, has in this way produced evidence 
of 4 glacial periods in the last 400 ka (Sorriaux, 1981, 1982; Bakalowicz et al., 1984; Sorriaux et al., 2016).
Producing a more detailed chronology of the last glacial cycle is still work in progress. The first evidence 
was obtained by 14C dating of ice-marginal lake sediments for the Late Pleistocene (Würmian Stage; 
Andrieu et al., 1988); and from caves, where U–Th dating of speleothems has placed the last glaciation 
between 90 and 20 ka (Bakalowicz et al., 1984). The most extensive glaciation was inferred from this 
evidence to have occurred during the first half of the Late Pleistocene, with deglaciation beginning at 
some time during MIS 3 (57–29 ka). Systematic OSL dating of deposits in the pro-wedge valleys (e.g., 
Lewis et al., 2009; Garcia Ruiz et al., 2013; Guerrero et al., 2018; Sancho et al., 2018); 10Be, 36Cl or 21Ne 
exposure dating at many sites across the range (Pallàs et al., 2006, 2010; Delmas et al., 2008, 2011, 2012; 
Turu et al., 2011, 2017; Palacios et al., 2015a, 2015b, 2017; Crest et al., 2017); systematic 14C dating (Turu 
et al., 2017); and Schmidt hammer proxy dating based on 10Be calibrations (Tomkins et al., 2018) have 
refined the chronology substantially and bring out some important components of regional variation. 
Note that, in the case of cosmogenic exposure ages, some allowance concerning apparent age discre-
pancies must be made for uncertainties relating to rock shielding by snow cover, and also for the older 
ages published before 2015 because the physical calibration of nuclide production rates has since been 
officially revised to lower values.
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LOCAL EXCURSIONS

LGM and Post-LGM deglacial chronology

At the time of the LGM, a paradoxically reverse climatic contrast between the eastern and western 
Pyrenees appears to have prevailed: in the eastern Pyrenees, glaciers advanced at some places as far 
as their earlier (MIS 4) maximum positions, with the two moraine generations often bunching into a 
tight single mass in the case of the Têt, Querol, Malniu, Duran, Llosa, Aranser, and Noguera Ribagorçana 
glaciers. The LGM ice front stood 7 km upstream of the Local LLGM position in the Ariège valley, and at 
most 9 km in the Valira. In the west (Gàllego, Aragon, Ossau), the positions of LGM frontal moraines are 
unknown but LGM glaciers were probably also several kilometres shorter than their most extensive MIS 
3/4 predecessors because of colder and drier conditions in the nearby Bay of Biscay than in the western 
Mediterranean (Delmas et al., 2011, 2022a, b, c). 
New data have also provided constraints on the positions of LGM glacier fronts in the Esera and Ossau 
valleys (Reixach, 2022). Exposure ages obtained from the LLGM moraine at Chía (n = 18) and from the 
Cerler tributary glacier (n = 3) show that the LLGM position was attained several times during the Late 
Pleistocene by the fluctuating Esera glacier (Castejón de Sos and Benasque catchments), particularly 
during the LGM (19.0 ± 1.1 ka), during MIS 3 (35.2 ± 3.3 ka) and perhaps also MIS 5a-d (96.4 ± 10.3 ka; 
Reixach, 2022). The LLGM in the Ossau valley is defined by about ten sharply delineated frontal morai-
nes around Buzy. These tend to bunch up and blur into a smaller population of moraines on the edges 
of the Arudy basin and upstream of the successive water gaps in the valley (where the Bilhères and 
Castet kame terraces are also positioned). These stadial moraines have benefited from exposure-age 
constraints provided by 22 10Be and 36Cl samples. Results show quite a large scatter of age values, 
but the oldest ages obtained, which are arguably the most relevant given the criteria and principles 
of exposure dating, suggest that this stadial position is compatible with the LGM and the end of MIS 3 
(Reixach, 2022). 

Figure 4. Prevailing air streams during the LGM over western Europe. Position of the Polar Front calibrated on the extent of 
sea ice in the Barents Sea (Mörner et al., 2020). Position of the Polar Jet in winter (Dec.-Jan.-Feb.) based on the CCSM4 climate 
model (Merz et al., 2015). Outline of LGM coastline (light blue) after GIS data from the Collaborative Research Centre (CRC) 
806 (Zickel et al., 2016). LGM sea-surface water temperatures in the Mediterranean established from planktonic foramnifera 
assemblages (core MD99-2346, Melki et al., 2009). Extent of Fennoscandian ice sheet after Hughes et al. (2016).

31



These new results from Ossau and Esera entail a reconsideration of LGM atmospheric circulation patter-
ns previously inferred from another population of valleys (Delmas et al., 2011, 2022a, b, c), as they appear 
to validate the existence of Atlantic weather systems sweeping along the northern mountain front, 
nonetheless weakening and generating less precipitation as they travelled eastward. In a LGM context 
where the Polar Front was positioned ca. 38°N, cold air masses would also detach from the Arctic air 
masses and travel from north to south, thereby promoting opportunities for convective instabilities over 
the Mediterranean and deflecting weather fronts to the southern mountain front of the Pyrenees, with 
precipitation reaching into Iberia at least as far as the Maladeta massif and its Esera valley (Fig. 4).
Finally, deglaciation appears to have been almost universally rapid at the end of the LGM, particularly 
in the eastern Axial Zone where the valley glaciers had receded all the way to the cirques by 20 ka 
(Delmas, 2005; Delmas et al., 2008, Delmas, 2015). A major glacial readvance during the Oldest Dryas, 
ca. 18 ka and persisting until 16–15 ka, has been documented. It produced glaciers ~20 km long in the 
upper Ariège, 7 km long in the Bassiès valley, 5 km in the Têt, 6 km in the Noguera Ribagorçana, 4 km in 
the Ésera, and 9 and 15 km, respectively, in two tributary valleys of the upper Gàllego catchment. By the 
end of the Allerød Interstadial (~13 ka), ice had disappeared even from the highest ranges of the eastern 
Pyrenees, with evidence of the tree line having risen to above 1800 m in the NE ranges of the orogen 
by that time (Reille and Andrieu, 1993). The last documented readvance during the Younger Dryas did 
not descend below the 2000 m contour in the eastern Pyrenees, remaining confined to the cirques 
and uppermost valley areas. Even at that time, the tree line stood around 1300 m. Many cirques of the 
eastern ranges became populated at this time with rock glaciers.
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THE ROUTE

Figure 5. Itinerary 
of the field trip Têt - 
Angoustrine – Que-
rol - Col de Puymo-
rens.

During the Late Pleistocene glaciation, the Local 
LGM (LLGM) Têt glacier was only 18 km long. As 
such, it was nonetheless the largest among the va-
lley glaciers supplied by the Carlit icefield, which 
covered the massif between elevations of 2200 
and 2400 m (Fig. 6) while leaving a few conspi-
cuous nunataks rising above it (Viers, 1961, 1968; 
Delmas, 2005, 2009; Delmas et al., 2008). No re-
cord of Middle Pleistocene glaciations have been 
identified in the vicinity of the Mont-Louis terminal 
moraine system, either because their vestiges are 
buried beneath the mass of more recent debris, 
or because their (speculative) position farther out 
near the Têt knickzone has made them vulnerable 
to stripping and destruction. The chronology of the 
Late Pleistocene glacial cycle in the Têt valley has 
benefited from a large number of 10Be exposure 
ages from moraine boulders and glacially-polished 
bedrock steps (Delmas et al., 2008; Delmas, 2009). 
In this fieldguide, previously published exposure 
ages are updated on the basis of a uniform proto-

col incorporating revised decay constants, nuclide 
production rates, and corrections for snow cover 
(Reixach et al., 2021, Reixach, 2022). The LLGM 
frontal moraine at Mont-Louis (Fig. 7) is perfectly 
preserved, 60 to 90 m high. Its ridgetop actually 
consists of two to three elementary but closely 
bunched arcs. A 10Be exposure age of 24.3 ± 3.8 
ka on a boulder embedded in this frontal moraine 
indicates that the LLGM Têt glacier was synchro-
nous with the global LGM. Another sub-population 
of less imposing, but equally fresh, moraine occurs 
~900 m further down valley below a scatter of de-
tached houses west of Mont-Louis (Les Artigues), 
as well as on the plateau to the east of the D618 
opposite the parking area (spot elevation: 1633 m). 
These less conspicuous frontal ribbons could be 
vestiges from the earlier part of the Late Pleistoce-
ne glacial cycle, as suggested by a calibrated Sch-
midt hammer proxy age of 40.9 ± 1.1 ka from Les 
Artigues (Tomkins et al., 2018).

1 Mont-Louis and the Late Pleistocene terminal moraines of the Têt valley. 
Chronology of the local Last Glacial Maximum in the Eastern Pyrenees. Relative 
stratigraphy and surface exposure ages on the glacial sequence of deposits. 
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Figure 6. Glacial and glaciofluvial 
outwash deposits, with associated 
ages in the Têt and neighbouring 
catchments. 14C ages after Delmas 
(2005). 10Be exposure ages for sites 
I/CAL and P/CAC after Crest et al. 
(2017); all others after Delmas et al. 
(2008). Schmidt-hammer exposure 
dating (SHED) results after Tomkins 
et al. (2018). Geomorphological map 
(landforms and deposits) after Del-
mas (2005). Digital elevation data 
source: Institut Géographique Na-
tional, ground resolution: 20 m.

Figure 7. Late Pleistocene frontal mo-
raines of the Têt glacier at Mont-Louis. 
Oblique aerial view of the Têt frontal 
moraine sequence, denoting the out-
lines of a piedmont lobe (CNES/Airbus 
imagery, here provided by Google Ear-
th); note glacier diffluence towards the 
Capcir Basin.
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Figure 8. Itinerary of the 
field trip Têt - Aspects 
of the three generations 
of glacial depositional 
material in the eastern 
Pyrenees. A, B. Youn-
ger generation, M1 (Late 
Pleistocene); section 
through frontal moraine 
near Mont-Louis, D60 
roadside. C. Intermediate 
generation, M2 (mid to 
late Middle Pleistocene); 
boulders are spheroi-
dally weathered on the 
outside, but with a fresh 
core; Esposolla section. 
D, E. Older generation, 
M3 (early to mid-Middle 
Pleistocene); boulders 
are weathered to the 
core; Escaldes reservoir 
section. F. Proportion of 
matrix fines among the 
three till generations. G. 
Proportion of weathered 
clasts, and weathering 
intensity among granite 
pebbles 5–20 cm in leng-
th. The data are valid for 
till deposits from the Cer-
dagne and Capcir basins.

A cut in the deposits along the D60, ca. 600 m to the 
west of the parking area (42°30’55.1”N, 02°06’24”E), 
reveals the internal facies of this mostly unwea-
thered Late Pleistocene till (Fig. 8): ranker-type soil; 
grey to light beige silt- and sand-rich matrix con-
taining less than 2% clay-sized particles; 50% of 

entirely fresh granite pebbles, with another 40% 
displaying oxidation features and vulnerable to 
hammering, and the remaining 10% characteris-
tically friable — the latter exclusively consisting of 
granodiorite and biotite-rich monzogranite.

LOCAL EXCURSIONS

Driving up the Têt glacial stairway offers a chan-
ce to observe successive frontal moraines repre-
senting post-LLGM recessional standstills. These 
have been chronologically named Barrès (near 
the campsite), and La Borda (1 km upsteam). The 
Barrès stadial deposits have not yielded a robust 

age record, but the Borda moraine has provided 
three 10Be exposure ages of 20.4 ± 0.4, 21.6 ± 2.7 
and 23.3 ± 3.3 ka. Stop at La Borda parking area and 
climb to the top of the rock bar (1690 m) situated 
just above the farm buildings. 
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2 Panoramic view of La Borda moraine and the Têt glacier terminal complex. 
Extent and chronology of the first stages of the post-LGM deglaciation in the 
Têt valley. Data on ELA fluctuations during the Late Pleistocene glaciation and 
the Last Glacial to Interglacial Termination in the Têt valley

Figure 9. Têt terminal moraine complex 
around la Borde. A – La Borde glacial rock ba-
sin, looking south. B – Cross-section through 
the Têt terminal moraine complex (section 
strikes across the glacial trough axis).

The top of this granitic bedrock step provides a 
good vantage point from which to view the se-
quence of moraines, starting from the much taller 
LLGM terminal moraine at the far end of the valley 
to the smaller recessional occurrences in the mi-
ddle ground (Fig. 9). The Borda moraine is covered 
by forest and closes off the large expanse of mea-
dows and peatbog that currently fills the glacial 

rock basin. A 4.3 m sediment core from the peat-
bog has also sampled underlying lacustrine sedi-
ments. These have been chronologically tied to 
the LGIT on the basis of their pollen assemblages, 
and the ‘15,000 event’ (Reille and Lowe, 1993), now 
calibrated to ~18 ka, ties in with the transition be-
tween GS2-1b and GS2-1a in the reference Green-
land stratigraphy (Rasmussen et al., 2014).

The road next rises up a long break in slope where 
the glacial valley constricts into a gorge less than 
300 m wide. Note the dominant NW–SE fracture 
pattern (Bollosa Fault) across this glacially-poli-
shed and plucked bedrock step. Stop as you en-
ter the Avellans rock basin (spot elevation: 1706 

m; avellan: ‘hazel’ in Catalan). Here you can ascend 
the ‘Rocher des Bouillouses’ (summit: 1755 m), 
also a rock-climbing spot, by skirting round to its 
more gently inclined north-end rock face through 
the woods. Once at the top, aim for the south end 
(42°32’25.4”N, 02°03’25”E).

3 Summit of Avellans bedrock step. Inherited exposure ages on bedrock steps 
and implications for Late Pleistocene glacial erosion rate.

The imprint of glaciation on the pre-Quaternary 
valley morphology appears modest compared to 
the impact of the tectonics-driven fluvial knick-
zone below Mont-Louis. The light touch of glacial 

denudation in this catchment (see Box 1) is confir-
med by 10Be exposure ages on several bedrock 
steps that are much older than the LLGM. 
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Estimates of Late Pleistocene glacial erosion rates 
in the Carlit massif:
The SE-facing flank of the Carlit massif has pro-
vided constraints on spatial and chronological va-
riation in depths of glacial erosion during the Late 
Pleistocene (Delmas et al., 2009). The unique ad-
vantage of this catchment is that the frontal and 
lateral moraines are remarkably well preserved in 
the landscape because the glaciers were contai-
ned within low-energy environments such as the 
Carlit plateau, the Cerdagne Basin, and the Capcir 
Basin. These elevated intermontane base levels, all 
situated above the major fluvial knickzones of the 
area such as the Têt gorge below Mont-Louis, the 
Segre canyon and the Aude gorges, have accordin-
gly undergone comparatively limited postglacial 
denudation. The detailed chronology of glaciation 
in this area has been obtained from 10Be exposu-
re dating, locally aided by 14C dating of peat de-
posits adjacent to glacial landforms. Three chro-
nostratigraphic units have been reconstructed on 
that basis: (i) the Terminal Unit, which corresponds 
to moraines produced during the last most ex-
tensive glaciation, or local last glacial maximum 
(LLGM); the (ii) Recessional Unit, which collectively 
refers to the succession of moraines generated by 
receding glaciers between the LLGM and ~20 ka 
cal BP; the (iii) Cirques Unit, which represents the 
final glacial standstill (or local stade), by the end of 
which (i.e., by the end of the LGIT) the icefield had 
shrunk to a collection of cirque glaciers situated 
above 2400 m.
By dividing the total volume of moraine preser-
ved in the Terminal and Recessional units by the 
surface area of the glaciated catchment at each 
standstill (supraglacial nunatak areas included), it 
was possible to estimate mean Late Pleistocene 
landscape denudation during each of these inter-
vals. Given its coarse-grained texture (boulders, co-
bbles), debris angularity, and openwork fabric, the 
Cirques Unit was mainly supplied by cirque-wall 
rather than cirque-floor material. This youngest 
unit consequently provides a quantitative esti-

mate of headwall recession rather than of basal 
erosion. Results (Delmas et al., 2009) show that 
denudation was ~10 times greater during the shor-
ter Recessional period (0.6 mm/yr) than during the 
protracted glacial advance and LLGM (0.05 mm/
yr). This is ascribable to contributions from para-
glacial processes, which in the Carlit massif were 
quite active during the post-LLGM deglaciation. 
The glaciers at the time were mostly evacuating 
debris produced in the thinning accumulation 
zone as the ELA gradually rose to elevations in ex-
cess of 2200 m (this contour coincides with the 
low-gradient floor of pediment P1). Denudation ra-
tes remained high during the LGIT given that the 
Cirques Unit has yielded headwall recession rates 
of 0.1–0.3 mm/yr in granite and 0.6–1.2 mm/yr in 
schist (Fig. 10). These figures confirm the theory 
according to which cirques grow faster during de-
glacial and interglacial periods rather than during 
glacial maxima (Cook and Swift, 2012; Crest et al., 
2017). 
In summary, Late Pleistocene denudation achie-
ved a catchment-averaged minimum denudation 
depth of 4 m (basic calculation using the total 
volume of moraine currently preserved in the SE 
Carlit landscape); this value should be doubled in 
order to allow for the evacuation of suspended 
load in streams. Despite the inevitable uncertainty 
around such estimates, cold-climate denudation 
calculated on the basis of these benchmark values 
and cumulated over the last ten or so 100,000-
year Milankovitch cycles has been modest, and 
mainly exerted on cirque and glacial-trough walls. 
The impact of Quaternary glaciation on the lands-
cape, at least compared to wetter areas of the 
central Pyrenees more directly exposed to Atlan-
tic weather systems, has thus remained limited. 
Accordingly, this explains why deep weathering 
profiles have been widely preserved even under 
till at elevations impacted by Pyrenean glaciation 
(Fig. 10), and partly also why relict Neogene land-
forms such as high-elevation erosion surfaces are 
still so prominent in the landscape.
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Figure 10. Aspects of the glaciated landscape in the Carlit massif. A. Post-LGM cirque headwall recession rates. Blue bars: 
cirques in schist; red bars: cirques in granite. The colour gradient represents headwall recession rates calculated for each 
cirque on the basis of three different density ratios between the debris and the bedrock (V63, V50 and V33, respectively). 
Cirques are numbered from NE to SW; units 6 and 8 coincide with a mixed lithology. B, C. Cirque moraines (bouldery facies: 
ablation till). B. La Coquilla cirque, in schist, NE of Pic Péric. C. Soccarade moraines (granite boulders), at the base of Pic de Col 
Rouge. D, E, F. In-situ saprolite and weathering front on pediment P1, covered by subglacial till, evidencing the weakness of 
Quaternary glacial erosion. D. Section through rubified saprolite at Els Forats. E. La Balmette bedrock step, barely stripped of 
its spheroidally weathered granite envelope. F. La Balmette weathering front with corestones, covered by recent till further 
in the background (after Delmas, 2009 and Delmas et al., 2009, merged and modified).

An example is the summit of the Avellans rock 
mass (Fig. 11A, B), which has yielded an exposure 
age of 21.3 ± 3.6 ka, consistent with the deglacia-
tion chronology, whereas perfectly preserved gla-
cial polish on the flank of the rockface documents 
an exposure age of 74.0 ± 7.2 ka. This implies ex-
tremely limited bedrock erosion at this location 
during most of the Late Pleistocene glacial cycle 
(the anomalously old age is a composite of 10Be 
atoms acquired since the last deglaciation of the 
glacially-polished bedrock step, i.e., after the LGM, 

but also of a preserved contingent of atoms pro-
duced prior to the Late Pleistocene, i.e., during MIS 
5e).  Other sites also record varying levels of nucli-
de inheritance, with anomalously old ages likewi-
se indicating only partial resetting of the radiome-
tric clock. They also, therefore, testify to shallow 
bedrock denudation depths during the Late Pleis-
tocene — too shallow to attain depths of bedrock 
where the 10Be radiometric clock would be entire-
ly reset (i.e., much less than 3 m).
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Figure 11. Nuclide inheritance on 
ice-polished rock-bar surfaces in the 
Têt glacial trough. A. Avellans be-
drock step, also a rock-climbing spot. 
B. Detail of ice-polished rock exposu-
re sampled for 10Be dating, Avellans 
rock outcrop. C. La Grava bedrock step 
(upper site: 2350 m). D. Detail of expo-
sure-dating sample locations, La Gra-
va (upper site).

Similar age dispersal has been observed at other 
bedrock steps, where a sensitivity test was applied 
by sampling various points at the top and on the 
front or sloping lateral face of the glacially-poli-
shed bedrock steps (Fig. 11C,D). The bedrock step 
at Les Bouillouses (1995 m), for example, yielded 
an age of 40.5 ± 4.6 ka, clearly suggesting nuclide 
inheritance at that location. Higher up in the cat-
chment, the Sobirans step (2270 m) on the Carlit 
plateau likewise provided three ages of 22.3 ± 3.0 
ka, 27.2 ± 4.0, and 27.3 ± 4.5; and the uppermost 
step of the glacial stairway, in the Grave cirque 
(2380 m), records one age at 27.7 ± 1.4 ka among 
other much younger results (Fig. 11D), suggesting 

a strong component of short-range spatial hetero-
geneity in subglacial erosion. 
The road continues across the sediment-filled 
Avellans glacial rock basin. At Avellans, the gla-
cial trough is deeper (300 m) than further down 
the valley. The frontal lobe of the corresponding 
recessional moraine is positioned at the top end 
of the Avellans basin floor. The road next winds 
along the edge of the lateral moraine and finally 
rises up the large bedrock step at les Bouillouses. 
The latter is probably a glacially-retouched fluvial 
knickzone, similar to (but smaller than) the one 
previously encountered below Mont-Louis. The 
dead-end road terminates at Bouillouses dam.
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On the west side of the valley, the dam rests 
against the lateral branch of a recessional morai-
ne; it joins its frontal lobe ~500 m further down the 
valley. The impounded reservoir fills a glacial rock 
basin mostly containing postglacial alluvium, and 
it was still blanketed by peat at the time of dam 
construction. To the west, the extensive Carlit pla-
teau is a knock-and-lochan landscape, i.e., it was 
partly covered by Pleistocene plateau ice, uneven-
ly scoured, and is dotted with variously sized lakes. 
To the north, the Camporells plateau is also a ves-
tige of middle Miocene pediment (Fig. 12). 

Rising above it, the Puig Carlit and Puig Peric rock 
masses are Cenozoic inselbergs or monadnocks, 
lightly retouched by cirque glaciation during the 
Pleistocene. Off to the south, the Angoustrine gla-
cial trough previously encountered is a dry valley, 
its drainage having been beheaded by the Têt Ri-
ver in the vicinity of Avellans knickpoint — perhaps 
as recently as the LGIT and in relation to the mas-
sive recessional moraine accumulation situated 
just below Bouillouses dam.

      Upper Têt (Grava) glacial valley 
      (5 hours walk return)

This catchment-head valley provides good oppor-
tunities for observing a closely-spaced succession 
of lateral and frontal moraines generated by fluc-
tuating glaciers. At the bottom end of the Grava 
valley, a double ribbon of left-margin lateral mo-
raines located between 2200 and 2100 m marks 
out the past existence of a 6.5-km-long glacier, its 
tip located around 2020 m. After walking another 

1 km up the valley, you will encounter a frontal 
moraine ca. 2050 m produced by a shorter glacier. 
Still further by another 2 km, you will pass three 
other frontal and lateral moraines, in this case all 
generated at a time when glaciation was confi-
ned to the cirques, with successive glacier fronts 
at 2150 and 2160 m. 10Be and Schmidt-hammer 
exposure ages on boulders embedded in these 
frontal and lateral moraines indicate 16.1 ± 0.5 ka 
for the 6.5-km-long trunk glacier, and 14.5 ± 1.9 ka 
and 12.4 ± 1.9 ka for the two cirque glaciers termi-
nating respectively at 2150 and 2160 m. On that 
basis, the older stadial position correlates with the 
Oldest Dryas, and the younger positions with the 
Younger Dryas or earliest Holocene (9.4 ± 0.6 ka 
Schmidt-hammer age for the upper ridge ~2200 
m, Fig. 13; Tomkins et al., 2018; Reixach et al., 2021). 
A radiocarbon-dated fossil peatbog (~20 ka cal BP) 
situated ca. 2150 m a.s.l. on the upper Grava valley 
floor suggests that the three LGIT stadial deposits 
listed above were generated after an interval of 
pronounced deglaciation in this valley segment, 
thus allowing the peat to develop in a proglacial 
position before subsequent glacier readvance (Fig. 
13). This peat-forming event highlights how fast 
post-LGM deglaciation of the SE Carlit massif oc-
curred. This situation is at least partly ascribable to 
the hypsometry of the glaciated catchment, which 
contained extensive plateau surfaces. When con-
tained within the accumulation zone, such as du-
ring the LGM, these plateau surfaces could host 
volumes of ice large enough to feed several valley 
glaciers 15 to 20 km long, such as the Angoustrine, 
Têt, and Vallsera. Any small upturn in palaeotem-
peratures, such as occurred after the LGM, would 
raise the ELA, and even a small increment would 
drastically reduce the size of the accumulation 
zone and hasten the retreat of those valley gla-
ciers far back into the cirque zone.

4 Panoramic view from Lac des Bouillouses (La Bollosa). Very early post-LGM 
deglaciation of the upper Têt valley (Grave catchment). 

Figure 12.  Bouillouses Reservoir (La Bollosa) in winter (frozen 
lake), looking north. 

EXCURSIONS BOOK EUCOP6

40



Figure 13. Post-GLGM deglaciation and early LGIT glacier re-advance in the Grave valley. A- Lateral moraine, legacy of the 
GS-2.1a glacial readvance in the Grave/upper Têt valley. B- Radiocarbon ages and stratigraphy of the buried peat bog and 
lacustrine, deltaic, and high-energy, poorly sorted fluvial deposits. After Delmas (2019) and Reixach et al. (2021).

LOCAL EXCURSIONS

5 Les Escaldes: stratigraphy of ancient saprolite and moraines. Angoustrine and 
the Middle to Late Pleistocene glacial deposits in the Cerdagne Basin. Section 
on a weathered lateral moraine ascribed to a Middle Pleistocene glaciation. 
Picnic with a panoramic view on the Cerdagne Basin.
(40 min walk return)

A good section through thick saprolite containing 
corestones appears at the foot of the slope (Fig. 
14). The tor and boulder field on the catchment slo-
pes of the Coma Ermada where exposed after stri-
pping of this regolith mantle. This site became the 
focus of intense stone quarrying from the late 19th 
century to the 1950s, and its products contributed 
to many buildings, walls, bridges and railway via-
ducts throughout this region. A few tors emerge 
here and there, but the saprolite overall drapes the 
entire hillslope as far as a track leading to a water 
reservoir. At this point (42°29’34.4”N, 01°57’18.2”E) 
you will encounter the first occurrence of ancient 
till capping the saprolite (Fig. 14).  The till contains 

granite boulders often 1 m in diameter, characte-
ristically rotten to the core, in association with pe-
bbles of dark schist and hornfels often displaying 
striation marks. This patch is the oldest among 
three local generations of glacial deposit which 
were inventoried (Fig. 14), classified, and regionally 
correlated on the basis of their weathering attribu-
tes (Calvet, 1996). Based on systematic counts of 
granitoid clasts and a number of laboratory analy-
ses, the attributes of this older generation of depo-
sits are as follows: 7% of clay-sized fraction in the 
matrix, 80% of granite pebbles intensely weathe-
red, 5% still unweathered.
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The till deposit is itself overridden by the right-mar-
gin moraine of the Late Pleistocene Angoustrine 
glacier, from which you can gain a more comman-
ding view of the area. The stratigraphy overall 
clearly indicates that (i) the saprolite is pre-Middle 
Pleistocene, and probably mostly pre-Quaternary; 
(ii) the successive glaciers merely covered the sa-
prolite without energetically ploughing into it or 
stripping it. This evidence corroborates conclu-
sions previously drawn at Stop 3 (Aveillans) con-
cerning the relative infirmity of glacial erosion in 
these transitional Mediterranean mountain envi-
ronments where, additionally, the mountain hyp-
sometry is attenuated by the elevated base levels 
of Cerdagne and Capcir and by the extensive oc-
currence of low-gradient topography in the glacia-
ted catchments.

Figure 14.  Exposures at Les Escaldes hospital. A Deeply wea-
thered ancient till. Exposure near the water tank. B Granite 
tor, initially partly exhumed and subsequently buried by the 
till. C Deep grus at slope base; section ~ 10 m high

6 Ur–Llaurà, a deep section into the elevated alluvial deposits of Puigcerdà. 
Middle and Late Pleistocene glacial and glaciofluvial outwash system of the 
Querol valley. Extent and chronology of three generations of ice-margin depo-
sits based on surface exposure ages, vertical 10Be profiles and burial dating.

This abandoned gravel quarry face, now conver-
ted to a roadside rest area, has deteriorated subs-
tantially over the years (for comparison, Fig. 15C, D 
shows the state of the quarry face in 1984) but still 
displays some of its key features (Fig. 15A, B). The 
30 m vertical exposure consists of two types of de-
posit resting unconformably on the tilted Vallesian 
beds (Unit 1, southerly dip, i.e., towards the Cerdag-
ne Basin depocentre), which are faintly distingui-
shable in the north corner of the section. The base 
of the overlying sequence (Unit 2) is a high-energy 
deposit (rolled cobbles, imbricate structures, ochre 
sandy matrix). The upper part (Unit 3) is glacial till 
(abundant clasts of fine-grained, glacially striated 
grey schist, beige to grey silty sand matrix). These 
are the remains of a frontal or left-margin lateral 
moraine of the Querol glacier. The entire sequen-
ce is deeply weathered, with many granite boul-
ders rotten to the core. The shallowest levels are 
enriched in quartz, quartzite, and quartz phyllite 
debris displaying thick weathering rinds. The co-
lloidal fraction (fines) in these levels represents, 
on average, 7 to 8% (compared to 2% in the most 
recent generation of moraines), and 4% among 
specimens of the intermediate generation.
The Ur–Llaurà section was initially interpreted as a 

single outwash deposit (Unit 2) grading vertically 
and laterally to a coeval till deposit (Unit 3) (Cal-
vet, 1996, 2004; Calvet et al., 2011), and the Puig-
cerdà terrace (here part of the Segre catchment) 
was correlated with alluvial generation T4 in the 
Roussillon catchments. That interpretation has 
now been revised. What appeared to be a simple 
paraconformity between Units 2 and 3 is actually 
a sharp unconformity, with a wide time gap be-
tween the two formations documented by elec-
tron spin resonance and cosmogenic burial age 
data (work in progress). A fresh examination of 
the section and borehole logs from the ‘Banque 
du sous-sol’ archive (Bureau de Recherches Géo-
logiques et Minières) have likewise revealed that 
the glacial till fills two washout channels cut in the 
underlying glacifluvial debris (Fig. 15A, B, G). Simi-
lar gully fills have been observed further up-va-
lley in a section exposed by the Riu de Brangoli 
channel (42°27’42”N, 01°56’02.8”E) and in freshly 
cut exposures below the new hospital building at 
Puigcerdà, at the base of the terrace riser (Fig. 16C, 
42°26’37.2”N, 01°55’28.5”E). At this site, the base of 
the deeply weathered till crosscuts both the ou-
twash formation and the Vallesian mudstone.
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Figure 15. Sections through Early Pleistocene deposits near Ur (highway N20). A. Road-parallel view of the section; positions 
of the footpath (‘Enveitg track’) and engineered terrace in the quarry face (a tourist rest area) are indicated. B. Road perpendi-
cular section. Key to ornaments — 1: Vallesian sandy clay; 2: High-energy fluvial deposit (lower unit); 3: Deeply weathered an-
cient till; 4: Low alluvial level, Rahur stream (4a: alluvium T1; 4b: weathered older alluvium or Vallesian sand); 5: Borehole data 
(5a: Vallesian clays; 5b: alluvium or till); 6: Other features (6a: outcrops; 6b: roads and tracks). C, D. View of the vertical section 
at Car park 2 in 1984. Note clear stratigraphy, with the unsorted till facies over the bedded fluvial deposits. ‘Rest area terrace’ 
indicates position of the engineered platform area recently cut into the quarry-face stratigraphy. E, F. Glacially-striated schist 
pebbles observed in situ withing the fine-textured till matrix. G. Recent section at car park 1 (in 2020) revealing the discon-
formity between the till and the underlying alluvium (figure, for scale, is standing on the alluvium). Positions of photographs 
(ph.) C, D, and G are indicated on cross-section A.
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Dating of the stratigraphy at Ur has so far revea-
led that the alluvium (Unit 2) is ancient (1–2 Ma; 
electron spin resonance and cosmogenic nucli-
de burial dating, work in progress): given that the 
alluvial deposit is vertically inset by 25 m here at 
Llaurà and by 35 m at Puigcerdà hospital, the till 
is likely Middle Pleistocene, probably coeval with 
outwash deposits labelled elsewhere as genera-

tion T3. When standing in the meadow at the top 
of the Ur–Laurà section, the convex shape of the 
ancient lateral moraine is distinguishable; the co-
rresponding ribbon of glacial till rises gently to the 
NW, curving round to the WNW from Pla de Llaurà 
(SE of Enveitg) all the way to the hamlet of Bena, a 
further 5 km to the NW (Fig. 17).
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Figure 16. Ancient moraines of the Querol (landscape views and deposit exposures). A. Enveitg section (located in panel E 
and Figure 15), showing high-energy fluvial deposits. B. Brangoly stream, above Ur, showing disconformity between the till 
and the underlying alluvium (location in panel E). C. Puigcerdà hospital terrace section, with a ravinement surface between 
the ancient till and Vallesian clays exposed in a cutting through a steep slope corresponding to the edge of the uppermost 
outwash terrace (here seen in 2013; see panel E for location). D. Piedmont lobe at the mouth of the Querol valley, here seen 
from the terminal moraine at Puigcerdà hospital. E. Outline of Querol piedmont lobe viewed from Belloc.
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Figure 17. Glacial and glaciofluvial outwash deposits, with associated ages in the Querol and neighbouring catchments. After 
Delmas et al. (2022c), see figure 6 for keys.

Along the Querol glacial trough to Col du Puymo-
rens
At Latour-de-Carol, take the N20 northbound. Note 
the landslide scar in the hornfels outcrop above 
the village, most likely produced in paraglacial 
conditions soon after Late Pleistocene glacier re-
cession. The cross-section of the Querol (Carol) va-
lley is reasonably U-shaped, but its floor was not 
substantially overdeepened and is thus populated 
by a large number of bedrock ‘whalebacks’, mostly 
in granite, rather than by large and sediment-filled 
rock basins. Three 10Be exposure-dating results 
obtained from ice-polished exposures along the 
valley have yielded a succession of ages (21. 2 ± 
2.8 at Latour, 22 ± 4.1 at Quers, and 21.7 ± 3.4 at la 
Fullatera bridge, just downstream of Porta rock ba-
sin), all indicating rapid deglaciation towards the 
end of the LGM (Pallàs et al., 2010). This chronolo-
gy conforms exactly to the scenario documented 
along the Têt glacial stairway. The road eventually 

reaches Porta rock basin, located at the junction 
with the Campcardós tributary valley. The treads 
of LGM ice-marginal kame terraces (elevation: 
1950 m) suggest a glacier ~450 m thick at the time. 
A large number of avalanche corridors occur on 
the valley sides. Those at Montfilla (carriages of a 
passing train overturned by a powder-snow ava-
lanche in 1935) and Serradal (road and railway line 
cut off in 1972) are particularly threatening. The co-
rridor at Coma Cervera used to be a threat to the 
village of Porta (one death in 1826), but forest re-
growth indicates a decline in avalanche frequency 
at this location. By continuing towards Porté, you 
can reach the upper Querol valley and join up with 
Lake Lanoux (Lanòs). This was the largest glacial 
lake of the Pyrenees even before it was further en-
larged after being closed off by a dam (3 hr walk, 
round trip). Another option is to drive up to Col du 
Puymorens (1917 m) to reach Stop 7. 
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7 Col du Puymorens (Coll Pimorent). 
Chronology of the post-LGM deglaciation in the upper valleys of the Querol 
and Ariège rivers. Paleoclimatic reconstruction based on paleoglaciologic mo-
delling and implication for atmospheric circulation pattern at large scale.

This mountain pass is in fact a very broad palaeo-
valley which suffered drainage beheading from an 
agressor stream in the north and now feeds to the 
Ariège catchment. This drainage capture is explai-
ned by the greater steepness of the Ariège stream 
channel compared to the Segre, which in this area 
lies comparatively much further from its marine 
base level and initially flows through the elevated 
Cerdagne Basin instead of dropping off rapidly to 
its nearest piedmont. During the Late Pleistoce-

ne, the Puymorens operated as a transfluence col 
through which the Ariège glacier, which was more 
abundantly supplied by precipitation from the 
Atlantic and accordingly endowed with a much 
lower equilibrium line altitude (1800 m vs. 2200 
m), spilled southward into the Querol valley. This 
lasted until the end of the LGM, extending to 18–17 
ka as shown by numerous 10Be exposure ages ob-
tained from lateral moraines in the Ariège and Orri 
glacial troughs (Fig. 18).

Figure 18. Pleistocene glacial extent in the eastern Pyrenees. Dashed red line: modern drainage divide between Atlantic and 
Mediterranean streams. Black and blue boxes define study areas. Numbered red circles: weather stations providing data 
used in the climate modelling. Numbered white squares: peatbogs. After Reixach et al. (2021), modified.
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Figure 19. Geomorphological 
map and 10Be exposure ages at 
and around Col de Puymorens. 
After Reixach et al. (2021), modi-
fied.

A total of 22 10Be exposure ages were obtained 
from a population of moraines in the upper Ariè-
ge valley and around Col du Puymorens (Fig. 19, 
Reixach et al., 2021). Puymorens straddles the drai-
nage divide between the north-flowing Ariège and 

south-flowing Querol rivers, each tributaries of the 
Garonne (under Atlantic influence) and the Ebro 
(under more Mediterranean influence), respecti-
vely.

A detailed analysis of chronological and palaeo-
geographical evidence from this valley segment 
has documented the extent of the Ariège glacier 
at four successive stades during the last glacial to 
interglacial transition (Fig. 20):
(1) At the time of the Ax-les-Thermes stadial 
(Fig. 20A), the valley hosted a composite glacier ca. 
20 km long, its presence outlined today by vesti-
ges of the lateral moraines at Petches (upstream 
from Ax-les-Thermes) and by the outermost band 
of lateral moraines further up the valley. At the 
time, the glacier was connected to the south-fa-
cing Querol valley glacier by transfluent ice at Pu-
ymorens. Exposure ages on the lateral moraine at 
Petches and from a ribbon of glacier-margin boul-

ders in the upper valley (Fig. 20A) position the Ax 
stadial during the Oldest Dryas (GS-2.1b: 18.0 ± 0.5 
ka). 
(2) At the time of the Mérens stadial (Fig. 20B), 
the glacier was ~15 km long, had lost several tribu-
taries, and the Ariège icefield was now cut off from 
the Querol at Puymorens. Frontal moraines at Mé-
rens-les-Vals and in disconnected tributary valleys 
in the catchment indicate that the Mérens stadial 
coincided with the Oldest Dryas (GS-2.1a: 16.5 ± 0.5 
ka).
(3) At the time of the Hospitalet stadial (Fig. 
20C), the glacier was ~10 km long and produced 
several, closely-spaces frontal moraines upstream
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of the village of l’Hospitalet. The precise age of 
this stadial position currently remains unknown 
because of unsuitable dating material. Given the 
ages of local stades 2 (see above) and 4 (see be-
low), it nonetheless appears that glacier recession 
was occurring fast at the time. .
(4) The cirques stade is the last episode of the 
deglacial history, a time when the landscape was 
hosting a population of small cirque and short va-
lley glaciers such as Orri and Baladrar (Fig. 20D). 
Updated age models of exposure data previously 
obtained by Pallàs et al. (2010) from lateral mora-
ines above Puymorens (Orri valley) indicate that 
Figure 20D illustrates the landscape during the 

Bølling–Allerød (GI-1: 14.5 ± 0.6 ka).
Amplitudes of palaeotemperatures and palaeo-
precipitation have been retrieved from glaciolo-
gical and palaeoclimatic models calibrated on the 
positions of each successive generation of glacial 
landforms (Fig. 21). Results indicate that climate 
in the upper Ariège valley was overall colder and 
drier than today, with an acceleration towards mil-
der conditions between GS-2.1b and GI-1. The ELA 
rose by 410 m over than period, and the increase 
in mass-balance gradient (MBG) by 0.04 m/yr/100 
m testifies to an increase in temperature and pre-
cipitation of 4.2 °C and 38 %, respectively.

Figure 20. Extent of 
successive glacial 
stages in the upper 
Ariège valley. After 
de Reixach et al. 
(2021).
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The Ariège results have been integrated into a wider database of palaeoenvironmental proxy 
evidence and age results (n = 64) from seven other valleys distributed across the eastern Pyrenees 

(Suc, Escale, Picot, Médecourbe, Aránser, Malniu and Grave) (Fig. 18 and Table 1). Collectively, these 
data provide a basis for inferring patterns of climatic conditions during the LGIT, and for linking these 
with evolving climate dynamics over western continental Europe and the western Mediterranean at 
the time. The data suggest that deglaciation in the eastern Pyrenees occurred fast, with only small 
cirque glaciers remaining ca. 12.3 ka (GS-1) wherever local climatic conditions (typically controlled by 
slope aspect) allowed it (e.g. Grave valley, Médecourbe). Glaciological modelling highlights a contrast 
between the colder and wetter north-facing mountain front and massifs, and the milder south-facing 
mountain front under Mediterranean influence. In the north, ELAs were thus systematically lower and 
MBGs systematically steeper that in the south (2012 m and 0.47 ± 0.05 m/yr/100 m at Ax, and 2413 m 
and 0.37 ± 0.06 m/yr/100 m at Malniu during GS-2.1b; 2152 m and 0.50 ± 0.05 m/yr/100 m at Mérens, 
and 2473 m and 0.35 ± 0.05 m/yr/100 m at Aranser during GS-2.1a). Such a north–south contrast is still 
observed today but is much less pronounced. It appears to have prevailed as such since at least the 
LGM (~19 ka).

CONCLUSIONS

Figure 21. Reconstructed P and 
T pairs relative to present con-
ditions, here applied to the four 
glacial stillstands (local stades) 
identified in the upper Ariège cat-
chment. Extrait de Reixach et al. 
(2021).

Table I. Synthesis of glaciologic and climatic reconstructions of east-Pyrenean LGIT glacial stades. 
Notes. 1 ELA calculated using the AABR method (Balance ratio of 1.59; Rea, 2009). 2 ΔT value obtained for Légunabens glacial stade. 3 
ΔT value obtained for Medecourbe glacial stade. 4 ΔP value modeled on the basis of a ΔT value obtained from an adjacent catchment 
during the same glacial stade.
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The tour visits the Valira valley located in the small Pyrenean state of Andorra (Principat d’Andorra), a 
transition zone between the central and eastern Pyrenees. 

INTRODUCTION

Figure 1. General view of the Andorra valley and the various stops

THE ROUTE
The first stop was made at Port d’Envalira to make 
the presentation of the geographical setting, gla-
cial landscape and chronology of the Ariège and 
Valira valleys (North and South slope respectively). 
Here it will start hiking to Clots de la Menera (stop-
2) rock glaciers and Grau Roig (4h). After lunch in 
Grau Roig you can make some of the following op-
tional stops (their completion will be conditioned 
by the total time spent on the excursion to Clot de 
la Menera and the weather conditions):
• Stop-3 (Sant Cristòfol d’Anyòs), La Massana 
glacial complex. Formation of a paleolake by the 
obturation of the main glacier (Valira glacier) be-
tween 32 and 17 ka cal BP. Different levels of tills, 

glaciolacustrine rhythmites and deltaic sediments.
• Stop-4, Engolasters lake. Different morai-
nes, deposits in the Andorra la Vella overdeepe-
ned basin, glacial phases detected and chronology 
of the LGC (Last glacial cycle) on the Valira glacier. 
• Stop-5, La Margineda. Visit to the outcrops 
of the Aixovall frontal moraine (Valira Glacier).
• Stop-6, Torre Solsona-Castellciutat (La Seu 
d’Urgell), view of the Valira-Segre terrace system 
and the Tossal Bordar moraine (Valira Glacier).
The return to Puigcerdà will be made from La Seu 
d’Urgell following the N-260 road that crosses the 
N area of Alt Urgell and La Cerdanya.
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Figure 2. Tour itinerary 
(stop-2) from Port de 
Envalira, Clot de la Me-
nera cirque and Grau 
Roig ski resort.

The geographic characteristics of 
Andorran mountains and their geo-
morphological evolution have been 
recently described in the book “Iberia, 
Land of Glaciers” (Oliva et al. (Eds.), 
2021), specifically in the chapter de-
dicated to the Central-Eastern Pyre-
nees (Ventura & Turu, 2021).

Figure 3. Maximum ice extent 
of the last glaciation in Cen-
tral-Eastern Pyrenees area. 
Adapted from Ventura & Turu 
(2021).
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1
 Port d’Envalira
Presentation of the geographical setting, glacial landscape and chronology of 
the Ariège and Valira valleys (North and South slope respectively).
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Figure 4. The rock gla-
ciers of the Clot de la 
Menera cirque.

The Clot de la Menera cirque forms part, together 
with the great coalescing cirque of Pessons, of the 
head of the Valira paleoglacier (43 km long during 
the local LGM). Circular in shape (1.2 km2) and orien-
ted to the N, it is mostly excavated in granodiorite 
rocks (Carboniferous-Permian), with schists, con-

glomerates and quartzites (Cambro-Ordovician 
and Ordovician) outcropping on its right side. The 
ridge line remains above 2650 m a.s.l. (Pic d’Enva-
lira, 2823 m a.s.l.) and the rocky threshold that clo-
ses the cirque is located between 2370 and 2450 
m a.s.l.

2 Clot de la Menera cirque and rock glaciers
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Figure 6. A 3D view of the studied area. Hydrographic basin (red line), 
water springs (blue points), the bedrock (yellow lines). Original from 
Igeotest, 2008.

Figure 5. The upper Valira d’Orient basin at Grau Roig and 
the rock glaciers that had been estudied are indicated. Origi-
nal from Bécat (1993).

Groundwater tracers / Isotope analysis

By doing a rutinary hydrogeological study 
on the upper Valira d’Orient bassin, and 
warned by the extremely low temperature 
of a particular spring, a specific study was 
conducted in order to identify fossil meltwa-
ter from a buried ice mass on a rock glacier 
core, northfaced located within a glacier cir-
que. The sampling took place on 26th Sep-
tember 2008 and the site is known as “Clot 
de la Menera” (Figure 6). The sampling was 
repeated a month later; however, budgetary 
difficulties no more samples were taken. 
The sampling campaign was included in the 
technical report from Igeotest (2008), that 
look for the origin of groundwater supply for 
the Grandvalira ski resort (Figure 7), its cat-
chment (N42º31’36.33’’– E01º42’09.52’’–2208 
m a.s.l.) and related springs. The particular 
spring is located at the foothill of the Clot 
de la Menera rock glacier (N42º31’10.84’’– 
E01º42’42.08’’–2414 m a.s.l.).

Inside (Figures 4 and 5) from E to W there are three 
rocky glaciers: a) GR-1, with lobed morphology, si-
tuates its front at 2420 m a.s.l). It is oriented to the 
NW and has an area of 4.8 ha (width: 370 m). It is 
the only rocky glacier in the cirque not excavated 
in a granite substratum; b) GR-2, tongue-shaped, 
is polymorphic (two units) with fronts at 2428 m 
and 2493 m a.s.l. respectively. It is 700 m long, has 

a surface area of 13.9 ha and an external front 20 
m high. Orientation N-NW; c) GR-3, oriented to the 
N, tongue-shaped, presents a massive aspect in its 
front part. It has a maximum length of 445 m and 
an area of 11.5 ha. The front (25 m high) which is 
located at 2414 m a.s.l. It has a fountain at its base. 
At the bottom of the cirque there are also abun-
dant morainic deposits with blocks on the surface 
(open-work structure).
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Figure 8. Daily tempera-
ture from summer 2008 
at 2083 m a.s.l. and the 
temperature of the wa-
ter springs from the Clot 
de la Menera over 2200 
m a.s.l. Original from 
Igeotest (2008).

Figure 7. Original from the technical report from Igeotest (2008) showing the hydrogeological conceptual model. Meteoric 
water infiltrates through permeable layers beneath the rock glacier, until the catchment.

Routinary redox measurements were taken while 
sampling. The pH was 6.8 in the catchment and 
6.8 – 7.2 in the spring, while the Eh was 29.8 mV 
in the catchment and 3.7 in the spring, advocating 
for a slighty low alkalinity relatively of pour oxige-
nated waters. Electrical conductivity indicates a 
very low mineralised water having 38.2 µS in the 
catchment and 37.0 – 38.5 µS in the spring. Fina-

lly, the temperature of the water was of 2.5 – 3.9ºC 
in the catchment and 1.3 – 1.8 ºC in the spring. A 
comparison between the spring water temperatu-
re and the average daily atmospheric temperature 
(Figure 8) of the public Grau-Roig station (eleva-
tion 2083 m) indicates an anomalous temperature 
behaviour of this particular spring.
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Figure 10. Solid line the Global Meteoric Water Line. Doted line the beha-
viour of meteoric waters that experienced evaporation. Original from the 
technical report of Igeotest (2008).

Figure 9. Localization of the Clot de la Menera and the isolated spring ha-
ving an anomalous low temperature of the water (in the middle of the figu-
re) and a spot of springs around the catchment for the ski resort on top of 
the figure. Original from the technical report of Igeotest (2008).

Analysing Tritium, Deuterium, Oxy-
gen-18 and Carbon-13 and Carbon-14 
content of two water samples collec-
ted at Clots de la Menera (Figure 9), 
allows determining the origin of the 
groundwaters (2H - 18O – 13C) and 
their age (3H and 14C).
A total of 2 samples were analysed 
and collected on the same day, the 
25th October 2008. The results were 
analiticaly processed in the Jaume 
Almera Institute (CSIC). The ∂D was 
-65.3 ‰ in the catchment and -65.2 
‰ in the spring, while the ∂18O was 
-10.2 ‰ in the catchment and -10.26 
‰ in the spring, the excess of deu-
terium ∆D was 16.3 in the catchment 
and 16.88 in the spring, calculated ac-
cording to the well known equation 
∆D=∂D-8∂18O (Custodio and LLamas, 
1996). The ∂D- ∂18O plot (Figure 10) 
show the relative isotopic fractiona-
tion of the two isotopes comparing to 
the global meteoric waters obeying 
to ∂D=8·∂18O+10 (Custodio and Lla-
mas, 1996, and references therein).

Deuterium and Oxygen-18

The samples fall into the left of the 
global meteoric water line (GMWL), 
indicating that these waters have not 
undergone any evaporation process. 
Usually, values ∆D > 10 ‰ may from 
areas having a high lack of moisture 
deficit (Custodio and LLamas, 1996) 
tipical from precipitation comming 
from the Mediterranean and not 
from the Atlantic (Igeotest, 2008). 
The Andorra local meteoric water 
line (LMWL) is ∂D=8·∂18O+13.3 (Figu-
re 11) accordingly to a Mediterranean 
influence and relatively low moisture 
(Igeotest, 2008).
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Figure 12.Modified from Arce et al. (2001) showing the anomalous isotope elbow folded isolines within the Principality (origi-
nal from the technical report of Igeotest 2008).

The ∂18O data allows to obtain 
the infiltration height of the sam-
ples. Because isotope values of the 
precipitation had some variability, 
a relationship between both pa-
rameters over a long period (5-10 
years) may reduce biases. Howe-
ver, Andorra is exposed to some 
additional variability within the 
Pyrenees (Figure 12), also shown by 
palaeoclimate models (WRF mo-
del) from Ludwig et al. (2018), that 
should be aware because do not 
allow applying the same regression 
line throughout the Principality. Di-
fferences between the W-S and NE 

sector of Andorra and the NNE area exist (Igeotest, 2008). In the first case the gradient adjusts to 
0.26‰ for every 100 meters and for the second area the gradient is close to 0.28‰ every 100 meters. 
So, for Grau-Roig the reference correspond to the W-S-NE sector must be applied (Figure 13). Doing the 
latter, a recharge altitude of 2580 ± 100 m is for the catchment located at 2208 m a.s.l. and 2602 ± 100 
m is for the particular spring located at 2414 m a.s.l.
The results cannot be taken as absolute values because analytical errors accompaining the measure-
ments are, in this case, of ± 0.2 ‰ for ∂18O and ± 2‰ for ∂D, conducting to calculation error of 40-50 
meters for every 0.1 ‰ ∂18O of analytical error (Yehdegho & Reichl, 2002).

Figure 11. Local Meteoric Water Line (LMWL) of Andorra (dotted line) and the 
GMWL (solid line) conducted between 2000 and 2008. Original from the tech-
nical report from Igeotest (2018).
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Figure 13. Infiltration altitude for the Clot de la Menera samples. Red point the particular spring, green dot at the catchment. 
Original from the technical report from Igeotest (2008).

Tritium
The samples were analysed at the “Centro de Es-
tudios de Técnicas Aplicadas (CETA)” of CEDEX 
(Centro de Estudios y Experimentación de Obras 
Públicas) in Madrid, to determine the tritium con-
tent by using the electrolytic concentration me-
thod. The units of measurement of tritium content 

are in UT, which correspond to a ratio 3H/1H equal 
to 10-18 atoms. The result from the above mentio-
ned samples were of 6.38 ± 0.43 sampled the 06th 
October 2008 in the spring and 6.64 ± 0.44 in the 
catchment, sampled the 25th.

DIC radiocarbon AMS results
The resulting ages refer to RCYBP (radiocarbon 
years past present, where “present” = AD 1950). By 
international convention, the modern reference 
standard is 95% of the 14C activity of the Natio-
nal Institute of Standards and Technology (NIST) 
Oxialic Acid (SRM 4990C) and calculated using 
Libby’s half- life (5568 years). The 13C/12C ratio 

(∂13C) measurement has been calculated relative 
to the PDB-1 standard. The result from the above 
mentioned samples were of 450 ± 40 yrs. BP and 
∂13C = -8.7 ‰ for the spring and 1,110 ± 40 yrs. BP 
and ∂13C = -10.7 ‰ for the catchment, both sam-
pled the 25th October 2008.

The last glaciers in Andorra
The last glacial ice evidence is directly inferred 
from very cold springwater from the Clot de la Me-
nera rock glacier, located at 2414 m a.s.l. at Grau-
Roig (upper Valira d’Orient basin). Their tritium 
content and moderate 14C activity advocates for 
a mixing of young waters of meteorological origin 
and old waters of unknown age.
Both empirical methods converge at the end of 

the Younger Dryas and the beginning of the Ho-
locene (10,900 – 11,820 yrs cal BP). At that time 
the Clot de la Menera rock glacier was active and 
an ice core may remained in beneath during the 
Holocene. The original position of the rock glacier 
boulders may change during the melting of the 
ice core, and such boulders are still moving.
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Figure 15. .Exponential model of Tritium 
renewing time. To reduce the computing 
time consuming and potential errors, a full 
year has been divided by 10 portions. For 
a given value of 6 Ut a couple of ages are 
possible, 9 years and 90 years, because the 
exponential curve is intersected twice.

If the contribution of the old and modern water is 
known by modeling, the latter can be also applied 
to the 18O content obtaining the original rechar-
ging altitude solving the isotopic dilution (A x+ B 
[1-x] = C). Old water concentration (A) and recent 
water concentration (B) will show an apparent age 
(C) depending on their proportion (x). For the Clot 
de la Menera, proportions are known from the te-
chnical report of (Igeotest, 2008) being 4% of old 
water for the catchment and a higher portion of 

contribution (9%) for the spring, because the last 
is older. Thus, applicating the same proportion to 
the 18O concentration for the spring (-10,2 ‰) and 
the catchment (-10.26 ‰) regarding their apparent 
recharge altitude of the spring (2602 m a.s.l.) and 
the catchment (2580 m a.s.l.), the corresponding 
altitudes applying a 9% and 4% respectively the 
recharge height are practically the same, 2932 m 
a.s.l. for the spring and 2928 m for the catchment. 

Empirical approach
An empirical approach allows determining the 
factor better in directly defining the assumed age 
of disolved inorganic carbon (DIC) in groundwa-
ters. The last was by Verhagen et al. (1991) applied 
in systems where the groundwater incorporated 
post-nuclear CO2, as evidenced by the occurren-
ce of measured tritium activities more significant 
than the background, and involves the construc-
tion of a “3H/14C” diagram (Figure 14). The appro-
priate initial 14C activity is then assumed to occur 
where the curve intersects the tritium detection 
limit; however, the large analitical error determi-
ning tritium produces a large range of possible 14C 
activity (54 < Ao < 31.5 pMC). The basic reasoning 
here is that a groundwater sample not containing 
“bomb” tritium will also be free of anthropogenic 
14C. Applying the correlation laws from Figure 14, 
the range is from 5045 – 9548 yrs. BP. The cali-
brate age may range 5,790 – 10,900 yrs. cal BP by 
using Reimer et al. (2020) calibration datasets.
Nevertheless, aquifer systems incorporating an 

increasing tritium content by the flow (open sys-
tem), the mean residence time rather than the 
water age of groundwater may be estimated by 
applying the exponential model to the specific 
activity of tritium. The tritium exponential model 
is known for Andorra and was made by Plata-Ara-
guas in 2008 (Figure 15) as an average of Madrid 
and Thonon-Les-Bains from the International Ato-
mic Energy Agency database (IAEA/WMO, 2008).

Figure 14. Pairs 
of values from 
the particular 
spring and the 
catchment at 
Clot de la Mene-
ra plotted twice 
depending on 
the analytical 
error of tritium.
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Figure 16. Exponential best fit for the original 14C activity of the 
melting waters from the Clot de la Menera rock glacier.

Latest activities in Clot de la Menera
During MOMPA project (Interreg V-A Spain-Fran-
ce-Andorra program POCTEFA 2014-2020) inter-
ferometric SAR technique has been used in the 
Pyrenees (Barra et al., 2017), including Clot de la 
Menera area. The medium-resolution satellite 
images (4 x 14 m2) were from Sentinel-1 satellite 
(descending geometry) for the 2015-2019 period. 

Figure 17 shows the map of the obtained deforma-
tion velocities in the line-of-sight, with an average 
sensitivity of 3.5 mm/yr. Measurements show mo-
vements of boulders from Clot de la Menera rock 
glacier, within the sensibility range of the method 
(Figure 17), interpreted in this work as a fingerprint 
of the ice melting (Figure 18).

Figure 17.  InSAR velocities of 
the Clot de la Menera rock gla-
cier masses. Dots are mainly 
boulders that have moved, es-
pecially red dots (higher mo-
vements).

Since the exponential model of infiltration matches for the open framework of the rock glacier aquifer, 
by applying an exponential best fit between both apparent values and 14C activity (Figure 16), an ori-
ginal activity ranging 24.85 for the spring and 27.49 for the catchment is obtained. Their radiocarbon 
age range between 11,510 – 10,675 yrs. BP, and calibra-
ting by using Calib 8.2 software allowed by Reimer et 
al. (2020) calibration datasets, the age of the meltwater 
is 13,050 ± 430 yrs. cal BP for one sigma and ranging 
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Figure 19. .Installation of dataloggers in the 
Menera rock glacier.

With the intention of continuing the studies in the rock glaciers of the Clot de la Menera, in September 
2022 a series of continuous temperature sensors (dataloggers) were installed at 90-50-20-10 and 5 cm 
(Figure 19) in the upper area of the frontolateral lobe (right) at 2533 m a.s.l. (GR-2). In future campaigns, 
electrical surveys and drilling (15 m) are planned to install temperature sensors to map and monitor the 
existing permafrost.

Figure 18. Movement interpre-
tation (mm/yr) in the Clot de 
la Menera E rock glacier (ye-
llow square in Fig. 17). Subsi-
dence or flow.
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3
Sant Cristòfol d’Anyòs
Presentation of La Massana glacial complex. Formation of a paleolake by the 
obturation of the main glacier (Valira glacier).
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4 Engolasters lake
Different lateral moraines, deposits in the Andorra la Vella overdeepened basin.
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5 La Margineda.
Visit to the outcrops of the Aixovall frontal moraine (Valira Glacier).
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6 Castellciutat - La Seu d’Urgell
View of the Valira-Segre terrace system and the Tossal Bordar moraine 
(Valira Glacier).
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Núria valley and Puigmal massif, 
Vall de Ribes-Ripollès
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 2Institut Català d’Arqueologia Clàssica
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Núria valley and Puigmal massif, Vall de Ribes-Ripollès

Núria valley (with a southern orientation) and the Puigmal massif are located in the easternmost 
glaciated mountain unit of the Pyrenees.

INTRODUCTION

Figure 1. Location of Núria 
and the Puigmal massif in the 
Southeastern Pyrenees, and 
delimitation of the glaciers 
during their local maximum 
expansion (lLGM) (Salva-
dor-Franch et al., 2022).

 Salvador Franch, F.1, Garcia-Oteyza, J.1, Palet Martínez, J.M.2

 1Universitat de Barcelona
 2Institut Català d’Arqueologia Clàssica
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THE ROUTE

Figure 2. Puigcerdà-Ribes de Freser route to access at rack railway of Núria, on ©ICGC online cartography.

Puigcerdà - Ribes de Freser (with bus, 1 h) - Núria (with rack railway, 40 min)
PRELIMINARY ROUTE

Figure 3. Rack railway access to Núria.

Figure 4. Sanctuary and other facilities in the glacial valley of 
Núria.
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1 Vall de Núria ‘mountain station (1970 m asl): Presentation of  geographical 
and historical settings in the Eastern Pyrenees context. 

FIELD TRIP AND STOPS  

2 h ascent, 2 h return, plus stops.
Topics: glacial and periglacial geomorphology, deglaciation, rock glaciers, avalanches, mountain ar-
chaeology.

Figure 5 Location of stops during the field trip, on ©Google Earth image.

Since the Middle Ages, Núria has been an important center of religious pilgrimage. At the beginning 
of the 20th century it became a pioneering ski and mountain sports center.

Figure 6 Topographic map of Núria valley, on ©ICGC online cartography.
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2 Pic de l’Àliga’ hostel lookout (2120 m asl): Presentation of the geological and 
geomorphological settings.

Discussion about different glacial and periglacial landforms (valley and cirque glaciers, nivation ni-
ches, avalanche channels)..

Puigmal

Núria

Recent and current Holocene
colluvial deposits and scree slopes

Pleistocene and early Holocene
glacial and periglacial deposits

Carboniferous-Permian

Metamorphic rocks (schists, gneiss and marbles)

gneiss 

Cambrian-Ordovician
limestone, dolomite and marble

sandstones and shales (Jujols Formation)

Figure 7. Fragment of the geologic map (Mapa geològic comarcal de Catalunya, 31 Ripollès). Original scale 1:50.000. ©ICGC, 
2006.
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Figure 8. Geomorphological cartography of the headwaters of Freser and Ter valleys. Original scale 1:100.000. ©IGME,
(Escuer; Fleta & Serrat, 1994).

Puigmal

Núria

LEGEND- left part of the map LEGEND- center-right part of the map
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3 ‘Forat de l’Embut’ gorge (2290 m): Karstic, glacial and periglacial morphology.

During the LGM, in the valley of Núria 
and Coma de Vaca (Freser) complex 
valley glaciers were formed, with 
headwaters around 2,700-2,900 m 
a.s.l., a distance of 9 km until reaching 
1,300 m near the town of Queralbs. 
Then there was a rapid deglaciation. 
Subsequent intense periglacial pro-
cesses destroyed or considerably co-
vered the glacial morphology.

Figure 9. Maximum glacial extent recons-
truction of Núria and Coma de Vaca valleys 
(Martí & Serrat, 1995).

In the Coma de l’Embut basin, the shallow stream 
that descends from Puigmal circulates under-
ground for 1 km when it comes into contact with 

the marbles. In the Embut gorge, two vertical 
shafts access the underground river.

Figure 10. Forat de l’Embut karst system, in Catàleg Espeleològic de Catalunya, III (De Valles, 2009).
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Figure 11. Frag-
ment of avalanche 
zone map (Mapa 
de zones d’allaus 
de Catalunya, 13 
Núria-Freser). Origi-
nal scale 1:25.000. 
©ICGC, 2000.

4
‘Coma dels Eugassers ‘meteorological station (2324 m asl)’: Snow avalanche 
cartography, prevention and instrumentation. Soil thermal regime. Ancient 
occupation of Pyrenean high mountain, archaeological evidence of neolithic 
and medieval presence. Picnic lunch.

avalhex

areas covered with avalancheur canyon

flowcapts

weather station

Figure 12. Instrumentation for the preventive provocation of 
avalanches (Paret & Oller, 2006).
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5 Coma de l’Embut rock glacier (2586 m asl). Rock glacier inventory, formation 
and chronology. 

Figure 13-14. Archaeological site of ‘Cova del Catau de l’Ós’. Ancient and middle Neolithic occupation (4200-3100 BC).

Figure 15. Spatial distribution of rock glaciers in the Puigmal-Costabona-Canigó massif (Salvador-Franch et al., 2016).

The altitude, lithology, orientation and previous morphology determine the presence and development 
of rock glaciers.
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Figure 16. ‘Coma de l’Embut’ rock glacier. Orthoimage from ©Institut Cartogràfic i Geològic de Catalunya (ICGC).

Figure 18. Geomorphological features of ‘Coma de 
l’Embut’ rock glacier (Palacios & de Andrés, 2015, 
unpublished).

Figure 17. ‘‘Coma de l’Embut’ rock glacier.
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