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Abstract: Glacial cirques are typical landscape 
features of mid-latitude mountain environments like 
the Central Pyrenees. Their morphology as well as 
their spatial distribution provides insights about past 
glaciers and climates. In this study, we examine the 
distribution, morphometrical and topographical 
characteristics of glacial cirques in two U-shaped 
glacial valleys located in the Central Pyrenees – the 
Aran and the Boí valleys. They are located in different 
aspects of this mountain range (north vs south) under 
different climatic influences that promoted distinct 
glaciation patterns during the late Pleistocene. The 
spatial mapping of these landforms was carried out 
using high-resolution imagery and field observations. 
We analysed the data of the morphometrical and 
topographical variables of the glacial cirques by using 
different statistical and geospatial methods in order to 

unveil the factors controlling their formation and 
development. A total of 186 glacial cirques were 
mapped in the study area, including 119 in the Aran 
and 67 in the Boí valleys. The local topography and 
microclimate conditions lead to substantial 
differences in both areas in terms of the morphology 
and dimensions of the cirques. Glacial cirques in Boí 
are distributed at slightly higher elevations than in 
Aran and they are also larger, though their 
dimensions decrease with elevation in both valleys. 
Aran cirques are mostly oriented NE, while Boí 
landforms do not show any prevailing aspect. Even 
though lithology does not control the distribution of 
the glacial cirques, some specific lithological settings 
may favour the development of larger cirques. In 
general, glacial cirques in the Aran and the Boí valleys 
show morphometrical properties similar to those 
reported in other mid-latitude mountain ranges. 
 
Keywords: Central Pyrenees; Aran and Boí valleys; 
glacial cirques; topography; morphometry. 
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Introduction  

The extent and chronology of Quaternary 
glaciations in the Pyrenees have generated an 
intense debate over recent years (García-Ruiz et al. 
2010, 2016; Palacios et al. 2015a). The higher age 
accuracy provided by modern absolute dating 
techniques has improved our understanding of the 
timing of maximum glacial expansion in the 
Pyrenees, which is crucial for a better knowledge of 
landscape evolution in this mountain range (Calvet 
et al. 2011). However, there are still discrepancies 
between the timing of maximum ice extent in 
different mountain systems on Earth (Clark et al. 
2009). These age differences are also observed at a 
regional scale, such as in the Iberian Peninsula 
(Hughes et al. 2006; Delmas et al. 2008; García-
Ruiz et al. 2010), and even at a local level, with 
important differences between valleys located in 
different geomorphological settings within the 
same mountain range (Turu et al. 2016). The 
existing geochronological data for the last glacial 
Pleistocene cycle indicate that the Pyrenean 
maximum ice extent occurred prior to the Last 
Glacial Maximum (LGM), being contemporaneous 
with Marine Isotope Stage 4 (Delmas 2015). 
However, studies point out very distinct age 
differences within the same mountain range (e.g. 
Pallàs et al. 2006; Delmas et al. 2008; Palacios et 
al. 2016; Turu et al. 2016) which may be attributed 
to the use of different dating methods, microscale 
topography and local paleoclimatic variations 
(Palacios et al. 2015b). 

The widespread use of glacial records in the 
Mediterranean mountains, such as paleoclimatic 
records, is related to the rapid response of glaciers 
to climate variability in this climatically sensitive 
region (Hughes et al. 2006; Domínguez-Villar et al. 
2013). One of the most characteristic landscape 
features shaped by glaciers are glacial cirques, 
which have been defined as hollow areas formed by 
glacier erosion, limited upslope by a crest with 
steep slope (headwall) and open downslope, 
presenting a shallow, flat or overdeepened zone 
(García-Ruiz et al. 2000; Barr and Spagnolo 2015). 

The study of glacial cirques goes back more 
than 150 years (Barr and Spagnolo 2015), though 
their use as paleoindicators is more recent (e.g. 
Derbyshire and Evans 1976; Evans 1977; Gordon 
1977; Aniya and Welch 1981; Evans 1990). The 

spatial distribution and dimensions of glacial 
cirques are a consequence of both glacial erosion 
and periglacial activity (Evans 2006a; Barr and 
Spagnolo 2015), together with pre-glacial relief and 
post-glacial processes. Their morphology and 
distribution is a consequence of specific 
palaeoenvironmental conditions, in addition to 
lithology and structure (Federici and Spagnolo 
2004; Ruiz-Fernández et al. 2009), and therefore 
their characterization provides quantitative and 
qualitative information about the characteristics of 
past glaciers and climates (Barr and Spagnolo 
2015). However, Evans and Cox (2015) raised the 
problem that the assessment of glacial cirque 
inventories is limited by the different methods used 
for calculating topographical and morphometrical 
parameters, which makes comparisons difficult 
between different areas. The recent widespread use 
of Geographical Information System (GIS) 
techniques has brought about new perspectives 
that facilitate the comparison of their 
characteristics in different areas (Barr and 
Spagnolo 2015). 

In the Iberian Peninsula, there have been a few 
attempts to characterize the distribution and 
morphometry of glacial cirques. García-Ruiz (2000) 
showed that these glacial erosion landforms in the 
Central Pyrenees are highly variable in shape and 
dimensions. Ruiz-Fernández et al. (2009) 
compared the size and morphometry in two 
distinct lithological environments in the 
Cantabrian Mountains. Delmas et al. (2014) 
examined environmental controls on alpine cirque 
size, noting that cirques are complex landforms 
resulting from many climatic and non-climatic 
processes. Lastly, Gómez-Vilar et al. (2015) pointed 
out that environmental variables (such as altitude, 
aspect, and lithology) can have a stronger influence 
on the location and size of cirques than the 
duration of glacial occupancy. Within this context, 
and using a multivariate statistical approach, in 
this paper we examine the distribution, 
morphometrical and topographical characteristics 
of glacial cirques in two valleys in the Central 
Pyrenees located on different slope aspects of this 
mountain range: Aran (north-facing) and Boí 
(south-facing). Nowadays, both valleys are affected 
by different climatic regimes, which also promoted 
a distinct pattern of glaciation during the late 
Pleistocene (Vilaplana 1983; Bordonau 1992). An 
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accurate characterization of their geographical 
distribution will show the key variables involved in 
the development of glacial cirques in both areas, 
allowing for paleoclimatic inferences. 

1    Study Area 

The Pyrenees are located between latitudes 
42˚ and 43˚ N, with a maximum width of 150 km. 
This mountain range stretches W-E across ca. 450 
km between the Atlantic Ocean and the 
Mediterranean Sea, with the highest elevations 
located in its central part (Aneto, 3404 m asl; 
Posets, 3370 m; Monte Perdido, 3350 m). The 
longitude and width act as barriers to atmospheric 
circulation, provoking N-S and E-W climatic 
asymmetries: while the western fringe is strongly 
affected by the Atlantic climate, the eastern part is 
under a Mediterranean climate regime (Pallàs et al. 
2006). However, the most significant asymmetry 
takes place between the north- and south-facing 
slopes in terms of precipitation and insolation as 
well as in terms of slope extension, since the south-

facing side has much greater development than the 
north-facing side (Calvet 2004). 

This research focuses on two spatially close U-
shaped glacial valleys located in the Central 
Pyrenees: the Aran and the Boí valleys (Figure 1). 
The Aran valley is a north-exposed valley elongated 
E-W with a total surface of 550 km2 crossed by the 
Garonne river, which flows northwards; the 
elevation ranges from 670 to 3010 m (Mulleres, 
3010 m; Bessiberri Nord, 3008 m). The Boí valley 
is a south-facing valley whose limits are defined by 
the Noguera de Tor basin, encompassing a surface 
of 247 km2. The valley follows a NE-SO orientation, 
with elevations ranging from 850 to 3029 m 
(Comaloforno, 3029 m; Bessiberri, Sud 3023 m). 

The Aran valley is mostly composed of granite, 
carbonated rocks such as conglomerates or lutite 
and limestone, as well as some metamorphic 
outcrops, mainly slate (Serrat et al. 1994a). The Boí 
valley can be subdivided into three major Paleozoic 
units: granite is distributed in the highlands, 
limestone and shale are abundant in most of the 
central valley except for the Taüll area, where 
sandstone and shale appear, while Mesozoic shale, 

 
Figure 1 Location of Boí and Aran valleys (C), within the Iberian Peninsula (A) and within the Central Pyrenees (B). 
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chalk and carniola alternate in the lowest part of 
the valley. 

Both valleys were intensely shaped by 
Quaternary glaciations. In the case of the Aran 
valley, during the Last Glaciation the glacier flowed 
along 88 km to 400 m asl in the lowlands, with a 
maximum ice thickness of ca. 800 m (Montserrat 
1988; Bordonau 1992; Fernandes et al. 2017). 
Contemporaneously, the Boí glacier extended until 
890 m asl with a maximum thickness of ca. 600 m, 
without connecting with the Noguera Ribargorçana 
glacier (Vilaplana 1983). Several erosion and 
accumulation glacial landforms, including various 
moraine deposits, are distributed across the valleys, 
showing evidence of distinct glacial stages during 
the Last Glaciation. Today, there are no glaciers in 
the valleys under study, since the present-day 
Equilibrium Line Altitude at the Central Pyrenees 
lies at approximately 2900-2950 m and active 
glaciers only persist in the highest massifs with 
peaks exceeding 3200-3400 m (Hughes 2014; 
López-Moreno et al. 2016). 

The climate in the Aran valley is strongly 
influenced by the Atlantic Ocean, whereas the Boí 
valley has a Mediterranean high-mountain climate, 
with a certain Atlantic influence in the 
westernmost highest parts (Chueca and Julián 
2011). At high altitudes, annual precipitation 
reaches 1232 mm at 2266 m asl (Bonaigua, Aran) 
and 1160 mm at 2535 m asl (Boí). The mean annual 
temperature varies from 2.9˚C at 2266 m asl 
(Bonaigua, Aran) to 1.9˚C at 2535 m asl (Boí), with 
negative monthly temperatures from November to 
April. 

The vegetation is representative of mid-
latitude alpine environments, with three elevation 
belts at the glacial cirque elevation level: (i) up to 
2300 m there is the subalpine stage, characterized 
by the presence of coniferous woods; (ii) between 
2300 and 2800 m there is the alpine stage with 
widespread grasslands, and (iii) above 2800 m 
there is the nival stage, with scarce vegetation and 
perpetual and/or long-lasting snow cover; a clear 
dissymmetry is observed between slopes, with 
elevation belts always significantly lower in north-
facing environments (de Bolós 2001). 

2    Methodology 

2.1 Identification of glacial cirques and 
parameters analysed 

The mapping of the glacial cirques presented 
in this paper complements the first detailed 
geomorphological maps for the Central Pyrenees, 
which date back from the 1970s-1980s (summary 
in Serrat et al. 1994b). The cartography of the 
cirques existing in both valleys was conducted 
through photointerpretation using high resolution 
imagery (25 cm pixel size) provided by the Institut 
Cartogràfic i Geològic de Catalunya and 
complemented with Basemap ESRI images and 
Google Earth Pro. Subsequently, they were 
validated with 1:5000 scale topographical maps 
and field observations. The lithological information 
was obtained from 1:50000 scale geological maps, 
which included five lithological groups in the study 
areas: 1) granite 2) limestone, 3) limestone and 
shale, 4) sandstone and shale, and 5) detrital 
sedimentary. 

The limits of the cirques were drawn in a GIS 
environment (ARCGIS) that allowed the automatic 
calculation of several topographical and 
morphometrical parameters of the glacial cirques 
commonly examined in the scientific literature 
(Figure 2) (García-Ruiz et al. 2000; Ruiz-
Fernández et al. 2009; Barr and Spagnolo 2015; 
Gómez-Villar et al. 2015). They are summarized in 
Table 1. 

2.2 Statistics and mapping 

Cirque morphometry data did not follow the 

Figure 2 Basic parameters used in this research 
projected on the southeast glacial cirque of 
Comaloformo peak. The acronyms are described in 
Table 1. 
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normality and homogeneity of the variances. Thus, 
the non-parametric Mann-Whitney test was 
performed to compare statistical differences 
between cirques, and a Kruskall-Wallis ANOVA 
test was applied to compare the variables studied 
among the different expositions in each valley. If 
significant differences were identified, a Tukey 
post-hoc test was applied. The Spearman 
correlation coefficient was used to identify the 
relationship among variables in each valley. 
Significant differences were considered at a p<0.05. 
A Principal Component Analysis (PCA) was carried 
out based on the correlation matrix, using the data 
of both valleys, in order to identify the correlations 
between all the variables in the study areas. 
Statistical analyses were carried out using Statistics 
10.0. Using the scores obtained from the retained 
factors we analysed the spatial autocorrelation of 
each one using the Moran’s I index, to identify the 
spatial clustering of the studied variables. A 
detailed description of these indexes can be 
consulted in Pereira et al. (2015) and Depellegrin et 
al. (2016). Geospatial analysis was carried out 
using ArcGIS 10.2. 

3    Results 

A total of 186 glacial cirques were identified, 
with 119 distributed in the Aran valley and 67 in the 
Boí valley (Figure 3). 

The density of glacial cirques according to the 
total area for each studied valley is 0.22 per km2 in 
the Aran valley and 0.27 per km2 in the Boí valley. 

3.1 Topographical and lithological 
conditions 

The data reveal substantial variations in terms 
of elevation, aspect and lithology between the two 
studied valleys. 

In the Aran valley (Figure 4), the Amin range 
of the glacial cirques varied between 1589 m and 
2642 m, with an average of 2114 m. The Amax 
range was between 1953 and 2935 m, with an 
average of 2495 m. The Amean of the glacial 
cirques is 2268 m. The H has a minimum value of 
65 m and maximum of 865 m, with a mean value of 
339 m (Table 2). 

In the Boí valley (Figure 5), the Amin ranges 
from 1765 m to 2697 m, with an average of 2323 m. 
The Amax range is between 2417 m to 3019 m, 
resulting in an average of 2811 m. The Amean of 
the cirques is 2538 m. The H shows a minimum 
value of 135 m and maximum of 947 m, with a 
mean value of 448 m (Table 2). 

The glacial cirques are generally distributed at 
lower altitudes in the Aran valley than in the Boí 
valley (Figure 4), with 8.4% of the landforms 
placed below 2000 m. Most of the glacial cirques 
sit between 2200 and 2400 m (42.9%) and 
decrease remarkably at higher elevations, with 18.5% 
in the range 2400-2600 m. Only four cirques (3.3%) 
are located in terrain above 2600 m. 

In the Boí valley, glacial cirques do not exist 
below 2000 m and, in contrast with the Aran valley, 
the elevation range of 2200-2400 m does not 
include most of the landforms (29.8%). The 
interval between 2400 and 2600 m corresponds to 

Table 1 Summary of the parameters of the glacial cirques examined in this research.

Parameter Acronym (units) Description
Area  Ar (ha) Surface occupied by the glacial cirque
Aspect As Main cirque orientation
Max. altitude Amax (m) Highest elevation of the glacial cirque
Min. altitude Amin (m) Lowest elevation of the glacial cirque
Mean altitude Amean (m) Sum of each altitude cell value divided by the number of cases 

Length L (m) 
Distance between the headwall of the cirque along the median axis of the cirque 
until its furthest point 

Width W (m) Maximum distance between the lateral walls of the cirque along a line 
transverse to the cirque length 

Slope Smean (˚) Mean slope of the area limited by glacial cirque

Amplitude H (m) Difference between the maximum and the minimum altitude, also known as 
cirque relief 

Index L/W L/W Ratio between length and width, indicator of horizontal cirque shape 
Index L/H L/H Ratio between length and cirque relief, indicator of glacial incision 
Index W/H W/H Ratio between width and cirque relief, indicator of glacial incision 
LogV LogV Logarithm of cirques volume



J. Mt. Sci. (2018) 15(10): 2103-2119    

 2108

47.7% (Figure 6). Unlike the Aran valley, 13.4% of 
the glacial cirques developed above 2600 m. 

Aran cirques show a prevailing NE aspect, 
which concentrates 39 units of the total (32.8%; 
Figure 5). The remaining cirques show prevailing N 
(16.8%), NW (12.6%), E (11.8%) and SE (11.8%) 
aspects, with the remainder concentrating less than 

10% of the landforms. In the Boí valley, the glacial 
cirques do not show a clear prevailing aspect, with 
more landforms distributed SE (16.4%), S (16.4%) 
and N, NE and NW (14.9%) (Figure 7). 

The analysis of the lithological composition of 
the glacial cirques in the Aran valley (Figure 8) 
does not reveal a dominant underlying lithology; 

 
Figure 3 Map of the distribution of the glacial cirques in each valley. 

Figure 5 Distribution of Boí glacial cirques (arranged 
according to cirque elevation). 

Figure 4 Distribution of Aran glacial cirques (arranged 
according to cirque elevation). 
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granite rocks are the most representative (36%), 
followed by a significant proportion of cirques 
shaped in detrital sedimentary rocks (33%) and 
limestone (31%). In the case of the Boí valley, the 
dominant lithological composition of the glacial 
cirques is granite (84%; Figure 8), with the 
remaining cirques divided between mixed 
limestone with shales (12%) and mixed sandstone 
with shales (4%). 

3.2 The morphometry of glacial cirques 

The morphometry of the cirque values shows 
significant differences between the valleys in terms 
of area, length, width and slope gradient. 

In the Aran valley, the cirque area ranges from 
3 to 614 ha, with a mean surface of 62 ha. The 
length of the glacial cirques ranges between 114 
and 1821 m, and the widths between 306 and 1212 
m, with average values of 385 and 257 m, 
respectively (Table 2). The mean cirque slopes are 
between 14˚ and 44˚, with a mean of 28˚. The area 
of glacial cirques in the Boí valley varies between 5 
and 430 ha, with an average of 102 ha. The lengths 
range between 163 and 1666 m, and the widths 
between 100 and 1025 m, with averages of 385 and 
390 m, respectively (Table 2). In this valley, the 
minimum mean slope of the cirques is 22˚ and the 
maximum 48˚, with an average of 30˚. 

The maximum length and width of glacial 
cirques in the Aran valley increase at higher 
elevations. The longest cirques observed are within 
the range of 2400-2500 m (mean of 646 m), 
whereas the widest are found at 2500-2600 m 
(mean of 437 m) (Table 3). In cirques located at 
higher elevations, both values decrease 
considerably (265 and 137 m, respectively). This 
decline is also observable in H index, being 
relatively stable up to 2600 m (values between 299 
and 389 m) but considerably lower above this level 
(196 m). 

In the Boí valley, the glacial cirques show 
greater length, width and amplitude at higher 
altitudes. The longest (870 m) and widest (528 m) 
cirques are located within the elevation range of 
2300-2400 m (Table 3). On the other hand, the 
cirque’s amplitude presents a clear decreasing 
trend as elevations increase, the maximum being at 
2000-2100 m (676 m) and the minimum in cirques 
above 2600 m (319 m). 

The different morphology of the cirques in 
both valleys is reflected in the morphometrical 
ratios. Up to 2200 m, the L/W ratio indicates that 
Aran cirques have a more elongated shape than Boí 
units (2.0 versus 1.7). At higher elevations, within 
2200-2600 m, cirques in both valleys present 
similar values; above 2600 m, Aran cirques reach a 
ratio of 1.9 but Boí cirques remain almost stable 
(1.6). 

Figure 6 Distribution of glacial cirques in both valleys 
according to elevation range. 
 

Figure 7 Distribution of glacial cirques in both valleys 
according to aspect. 

 

Figure 8 Distribution of glacial cirques according to 
underlying lithology. 
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The L/H, indicator of cirque incision (Barr and 
Spagnolo 2015), reflects on both valleys an 
increasing trend up to 2400 m (Table 3). At this 
level, the ratios of Boí cirques decrease significantly, 
reaching the minimum value at 2500-2600 m (1.1), 
while Aran cirques start decreasing at 2500 m, 
reaching the minimum value at ≥ 2600 m (1.4). 
Another ratio indicator of cirque incision is W/H 
(Barr and Spagnolo 2015; Hughes et al. 2007; 
Krizek and Mida 2013), which shows a very similar 
pattern with altitude in both valleys (Table 3). 
However, at the highest altitudes this pattern 
changes, with Aran cirques on the elevation range 
of 2400-2600 m showing considerable differences 
to the values in the Boí valley (1.7 vs 1.2 in 2400-
2500 m and 1.6 vs 1.1 in 2500-2600 m). This 
indicates a stronger incision in the Boí valley. In 
general, in both valleys, the values of size, length 
and width of glacial cirques increase (or decrease) 
significantly as altitude increases, whereas cirque 
relief (H index) increases at a lower rate. 

3.3 Descriptive statistics of glacial cirque 
morphometry and correlation between 
variables 

The descriptive statistics of the 
morphometrical parameters in the two valleys are 
summarized in Table 2. Amin, Amean, Amax, H, L, 
W, logV and Smean were significantly higher in Boí 
than in the Aran valley. No significant differences 
were observed in the remaining parameters. 
Regarding the different aspects, north-exposed 
cirques showed significant differences in Amin, 
Amean and Amax. NE cirques show significant 
differences in all the altitude parameters and H. In 
E and W aspects, significant differences were 
observed in Amean, Amax, H, W and LogV. In the 
case of W cirques, we also identified significant 
differences in Area, while NW units showed 
significant differences in Amin, Amean, Amax, H, L, 
Area and logV. In all the cases, the values were 
significantly higher in Boí than in the Aran valley. 
The comparison between the different aspects in 
the cirques located in the same valley did not reveal 
significant statistical differences (Table 4). 

Overall, morphometrical parameters show a 
high correlation between both valleys (Table 5a and 
b). In the Aran valley, L showed high positive 
correlations with W, Area and logV. LogV also had 

high positive correlations with H, W and Area. 
Finally, Smean had high negative correlations with 
L/W and W/H. In the Boí valley, we also identified 
high positive correlations between L and W and 
Area and logV. Height had a high positive 
correlation with L, W, Area and logV. Finally, logV 
showed a high positive correlation with Area (Table 
5). 

3.4 Principal Component Analysis and 
spatial correlation and distribution 
analysis 

Factor 1 explained 40.2% of the variance, 
while factors 2, 3 and 4 explained 25.1% 13.2% and 
10.4% of the total variance, respectively. Factor 1 
showed high negative loadings in H, L, W, Area, 
L/H. W/H and logV. Factor 2 identified high 
positive loadings in Amin, Amean, Amax, and 
Factor 3 in Smean. Finally, L/W had a high 
negative loading in factor 4 (Table 6). The relation 
between Factor 1 and 2 showed that the glacial 
cirques have different characteristics in the studied 
valleys (Figure 9). Morans I index analysis showed 
that F1, F2 and F3 had a significant clustered 
pattern, while F4 had a random distribution (Table 
7) in the entire study area. The maps of the 
retained factors are shown in Figure 10. The valleys 
with high values in the variables explained by 
Factor 1 (negative loading) were located in the 
southern part of the Aran valley, while the valleys 
with high scores in factor 2 were clustered in the S 
of the Boí valley. The variables with high mean 
slope (factor 3) were located at N and E of the Aran 
valley and in the east of the Boí valley. Finally, the 
valleys with high L/W did not show any specific 
geographical distribution. 

4    Discussion 

4.1 Controls on cirque distribution and 
morphology in the Aran and the Boí 
valleys 

The morphostructure of the Aran valley 
conditioned a larger number of glacial cirques than 
in the Boí valley. In the Aran valley, N and NE 
orientations prevail. In fact, previous works on 
other areas of the Pyrenees (García-Ruiz et al. 
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2000), the Cantabrian Mountains (Ruiz-Fernández  
et al. 2009; Gómez-Villar et al. 2015), the Western 
French-Italian Alps (Federici and Spagnolo 2004), 
and the Tatras Mountains (Krizek and Mida 2013) 
showed evidence that most of the cirques in 
European mountain ranges developed in northern 
aspects,; this is also a widespread pattern in the 
Northern Hemisphere (Trenhaile 1975; Evans 1977; 
Evans and Cox 1995). 

In mid-high latitude environments (30˚-70˚) 
there is a strong contrast in the activity of glacial 
and periglacial processes shaping glacial cirques 
between north and south-facing slopes (Evans 
2006a). Most of the cirques in the Aran valley have 
a NE aspect, and thus receive more radiation 
during the morning when temperatures are lower; 
this  leads to limited malting of snow and ice and  
therefore favours glacial development due to the 
lower ice mass loss (Coleman et al. 2009). In 
addition, the eastward pattern of the cirques may 
also be favoured by the wind-drifted snow due to 
prevailing W and SW winds, as also observed in 
other European massifs (Mindrescu and Evans 
2014; Barr et al. 2017). In the south-exposed and 
N-S elongated Boí valley, the preglacial relief 
determines a complex spatial pattern with 
prevailing S and SE aspects, although several 
mountain ridges also favoured the development of 
cirques in northern aspects (N, NW, NE). More 
intense and frequent northern winds during 
Quaternary glacial stages may also have promoted 
the transport of snow from the summit surfaces to 
S and SE cirques, as observed by Delmas et al. 
(2014) in the Eastern Pyrenees. 

The lithology of the study areas conditions the 
dimensions and morphology of the cirques. While 
in the Aran valley most cirques are located on 
sedimentary and granitic rocks, in the Boí valley 
they are shaped mainly on granite bedrock. The 
cirques shaped in detrital sedimentary and granite 
materials are larger, showing greater width and 
length except for those located at low altitudes. In 
the Western Pyrenees, García-Ruiz et al. (2000) 
observed that the majority of the cirques were 
located on limestone rocks, while Delmas et al. 
(2014) identified that the greater abundance 
occurred on gneiss and schist. In other Iberian 
massifs such as the Cantabrian Mountains, Ruiz-
Fernández et al. (2009) and Gómez-Villar et al. 
(2015) found that glacial cirques were mostly 

located on quartzite, limestone, sandstone and 
slate, which constitute the predominant rocky 
substrate in this mountain range. 

Preglacial relief also determines the elevation 
of the cirques, though its role is difficult to assess 
(Ruiz-Fernández et al. 2009). The northern aspect 
of the Aran valley explains the lower elevation of 

Table 6 Factor scores for the variables studied in Aran 
and Boí valleys. Bold numbers represent the variables 
retained by each factor. 

Factor 1 Factor 2 Factor 3 Factor 4

Amin 0.102 0.836 -0.529 0.076
Amean -0.142 0.942 -0.288 0.058
Amax -0.390 0.913 -0.036 0.056
H -0.698 0.192 0.659 -0.022
L -0.964 0.011 0.121 -0.193
W -0.960 -0.019 0.147 0.192
Ar -0.939 -0.004 0.087 -0.010
L/H -0.652 -0.242 -0.623 -0.294
L/W -0.032 0.133 -0.069 -0.984
W/H -0.661 -0.315 -0.585 0.298
logV -0.889 0.041 0.343 0.023
Smean -0.472 0.419 0.661 -0.022

 
Table 7 Summary of Moran’s I spatial autocorrelation 
index. 

 Morans I index z-score p 
Factor 1 0.330 7.224 0.0000
Factor 2 0.609 13.131 0.0000
Factor 3 0.216 4.759 0.0000
Factor 4 0.053 1.261 0.2070

 

 
Figure 9 Relation between Factor 1 (glacial cirques 
dimensions variables) and Factor 2 (altitudinal 
variables). 
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the glacial cirques when compared to the Boí valley. 
The altitude values of the cirques (Amin, Amean, 
Amax) are higher in the Boí valley than in Aran. 
This is conditioned, in many cases, by the lower 
elevation of the mountain ridges, where the 
intensity and duration of the glaciations was not 
enough to carve the hollows characteristic of the 
glacial cirques (Barr and Spagnolo 2015). Besides, 
their southern exposure did not favour snow 
accumulation and subsequent transformation into 
ice during Quaternary glaciations, impeding the 
deepening of these concavities by means of glacial 

erosion. 
The cirques located in the Boí valley show very 

high H, L, and W and Log V values, and therefore 
represent larger features than Aran landforms. 
This situation was also observed when comparing 
the values of the different aspects (Table 4). The 
differences among the morphometric variables 
were especially different at the glacial cirques 
exposed NE. Overall, the Aran valley has a high 
number of glacial cirques, but they are larger in the 
Boí valley because here they are formed in 
sedimentary rocks. Another two secondary factors 

 
Figure 10 Spatial distribution of factor scores. 
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may influence their development: (1) Orientation 
may strongly increase the amount of snowfall 
within a mountain range, creating corridors for the 
penetration of air masses. 2) Glacier cirqus 
enlargement is strongly affected by freeze-thaw 
cycles, and a south-oriented valley in the Northern 
Hemisphere may experience wider temperature 
amplitudes than a north-facing valley (Federici and 
Spagnolo 2004; Hughes et al. 2007). These cycles 
increase rock weathering and geomorphological 
processes, contributing to valley excavation and 
increasing the main morphometric variables of 
cirques. Freeze-thaw cycles are especially active in 
detrital sedimentary rocks, which are very 
vulnerable to this process (Ni et al. 2017). Previous 
works on the Pyrenees (García-Ruiz et al. 2000; 
Delmas et al. 2014) and on the Alps (Federici and 
Spagnolo 2004) concur with our results. In this 
regard, Barr et al. (2017) observed that deeper 
glacier cirques are the ones closest to the coast and 
are more exposed to maritime air masses. 

We identified a high correlation significant 
among cirque Area, LogV, H, L and M in both 
valleys, showing that the dimension of the glacial 
cirque is closely related to the difference between 
the highest and the lowest point, maximum 
distance between lateral walls and length of the 
median axis. This was also observed by Krizek and 
Mida (2013) in the Tatras Mountains and by 
García-Ruiz et al. (2000) in the Western Pyrenees. 
In the Aran valley we found a high correlation 
between Smean, L/H and W/H, showing that slope 
increase is linked to glacial incision, as observed by 
Krizek and Mida (2013). PCA grouped in Factor 1 
glacial cirques dimensions variables (H, L, W, Log 
V and Area) and glacial incision indicators (L/H 
and L/W). In factor 2, altitudinal variables were 
grouped, whereas factor 3 explained Smean and 
factor 4 retained the indicator cirque shape (L/W). 
Larger cirques were located especially in the S of 
the Aran valley (Figure 3). This clustered pattern is 
confirmed by the Moran’ I result and is coincident 
with the areas with granitic bedrock, confirming 
the idea that larger cirques are developed on this 
rock type. The formation of large cirques in granite 
is very likely attributed to the existence of faults 
that favour rock weathering (García-Ruiz et al. 
2000). Factor 2 variables were also highly 
clustered in the eastern area and northern area of 
the Boí valley, where the elevation of the cirques is 

higher, also in granite areas. Slope inclination of 
the cirques is high in some areas located west of the 
Aran and Boí valley, and distributed across the 
different geological settings (granite, shale, 
sedimentary material). Therefore, the development 
of the cirques may be more dependent on 
topography than on lithology. Finally, cirques with 
a horizontal shape have a random distribution in 
the studied valleys. This shape is not associated to 
any topographic or geological characteristics, since 
this type of glacial cirque is present in very diverse 
topographic and lithological contexts (Figures 8 
and 10). 

The progressive increase (or decrease, in some 
cases) of the horizontal dimensions of the glacial 
cirques (size, length and width) in both valleys as 
altitude increases while vertical dimensions 
increase less shows evidence that the development 
of the glacial cirques studied follows an allometric 
model, as proposed by Evans (2004 and 2006b). 
This implies that the retreat of the headwall is 
faster than the erosion of the bottom of the cirque. 

4.2 Morphology of the Aran and Boí cirques 
in comparison with other mountain 
areas  

We have compared the morphometrical and 
topographical data of glacial cirques in the Aran 
and the Boí valleys with values from other 
mountain regions (Table 8) in order to increase our 
understanding of the processes driving the 
development of glacial cirques in the Central 
Pyrenees. 

García-Ruiz et al. (2010) examined the spatial 
distribution and morphometry of glacial cirques in 
the southern side of the Central Pyrenees, upper 
Aragón and the Gállego basins, and observed that 
these features are concentrated between 2000 and 
2200 m (Amin) and between 2500 and 2700 m 
(Amax). These data are similar to the average 
values in our study area (Amax: 2560 m; Amin: 
2193 m), although cirques in the southern Boí 
valley show slightly higher elevations. With regard 
to aspect, the pattern is similar to the Boí valley, 
where glacial cirques show prevailing N and S 
aspects. In contrast, glacial cirques inventoried in 
this study show a substantially larger area (Table 8). 
However, as deduced from the L/H ratio showing 
analogous values in both valleys, glacier erosion 
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does not change significantly over relatively short 
distances. Glacial cirques studied in the Eastern 
Pyrenees by Delmas et al. (2014) have, on average, 
shorter lengths, greater widths, less relief (H index) 
and smaller surfaces than those studied in the Boí 
and Aran valleys (Table 8). 

Previous studies of glacial cirques from 
different parts of the Cantabrian Mountains (Ruiz-
Fernández et al. 2009; Gómez-Villar et al. 2015) 
examined how the differences in altitude, lithology 
and aspect explain the differences of the 
morphometrical parameters of glacial cirques 
within this mountain range. Ruiz-Fernández et al. 
(2009) presented the data of glacial cirques from 
two separate areas which showed significant 
differences: the Western Massif of Picos de Europa 
and the sierras of SW Asturias; Gómez-Villar et al. 
(2015) studied the glacial cirques of the Upper Sil 
River basin, and the Torío and Curueño river 
basins. In these regions, several glacial cirques with 
Amin below 1500 m were identified, but none of 
them shows an Amax located above 2220 m. In 
contrast, in the Aran and the Boí valleys, Amin, 
Amean and Amax show significantly higher values 
due to the higher elevation of the terrain in the 
Central Pyrenees (see Table 2). Generally, indexes 
of glacial excavation are higher in the Cantabrian 
Mountains (L/H of 1.1 and W/H of 1.7 in the 

Western Massif of Picos de Europa, L/H and W/H 
of 2.0 and 2.5 respectively in the sierras of SW 
Asturias; Ruiz-Fernández et al. 2009) than in the 
Boí and Aran valleys (L/H of 1.4 and W/H of 0.82 
in Boí, and L/H of 1.3 and W/H of 0.88 in Aran). 
In the Upper Sil basin and the Torío and Curueño 
river basins, glacial cirques present a slightly 
higher incision with a similar H index but minor 
horizontal axes (L, W and Ar) (Gómez-Villar et al. 
2015). 

In spite of these differences, the aspect 
distribution of the glacial cirques follows the 
patterns previously identified in the Northern 
Hemisphere, also known as ‘morning–afternoon’ 
radiation contrast (Evans 1977; Delmas et al. 2014; 
Gómez-Villar et al. 2015). This is observed in the 
prevailing N and NE-facing slopes of these features, 
almost absent glacial cirques in W and SW, as well 
as increased dispersion at higher altitudes. However, 
in the Boí valley there is a remarkably high 
distribution of S and SE-facing glacial cirques due to 
the organization of the valley’s relief (Figure 7). 

The global dataset of glacial cirques examined 
in Barr and Spagnolo (2015) enables one to infer 
the spatial patterns of the morphometrical 
properties of glacial cirques in different cold-
climate regions. As shown in the Aran and the Boí 
valleys, Barr and Spagnolo (2015) also highlight the 

Table 8 Comparison of the morphometric parameters of the cirques in our study area with features from other mid-
latitude mountains. 

Parameters 
Pyrenees Other 

Aran/Boí/All Central Pyrenees Eastern 
Pyrenees W Alps N Pindus 

H 488.2/339.2/392.8 364 223 355 331 
L 637.1/462.6/528.6 519 489 672 787 
W 410.6/306.6/344.0 691 482 663 662 
Ar 102.0/62.6/76.8 34 21 42 – 
L/W 1.6/1.6/1.6 0.79 1.1 1.1 1.2 
L/H 1.3/1.4/1.4 1.5 2.2 1.9 – 
W/H 0.92/0.82/0.88 – 2.5 1.9 2.7 

Reference This study García-Ruiz et al. 
(2000) 

Delmas et al. 
(2014) 

Federici and 
Spagnolo (2004) 

Hughes et al. 
(2007) 

Parameters 
Pyrenees Upper Sil River 

basin 
Central 
Mountains W Picos de Europa Sierras SW 

Asturias Aran/Boí/All
H 488.2/339.2/392.8 277 237 294 255 
L 637.1/462.6/528.6 625 468 295 487 
W 410.6/306.6/344.0 707 655 467 594 
Ar 102.0/62.6/76.8 37 24 11 23 
L/W 1.6/1.6/1.6 0.96 0.8 0.78 0.9 
L/H 1.3/1.4/1.4 2.3 2.1 1.08 2.0 
W/H 0.92/0.82/0.88 2.5 3.0 1.7 2.5 

Reference This study Gómez-Villar et al. 
(2015) 

Gómez-Villar et 
al. (2015) 

Ruiz-Fernández et 
al. (2009) 

Ruiz-
Fernández et 
al. (2009) 
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role of geological material, valley orientation and 
regional and local climate characteristics in the 
geographical pattern of cirque morphology and 
distribution. The largest cirques are located in 
Antarctica and the smallest in mid-latitude areas, 
although with remarkable differences in similar 
latitudes such as cirques in New Hampshire (Davis 
1999), Spain (García-Ruiz et al. 2000; Ruiz-
Fernández et al. 2009; Gómez-Villar et al. 2015) or 
the Gilort Basin in Romania (Marinescu 2007). The 
horizontal mean values of the cirques in the Aran 
and the Boí valleys are lower than the average of all 
the studies considered in Barr and Spagnolo (2015) 
(L = 528 m vs 744 m, W = 344 vs 749 m). The 
average H index of the glacial cirques in our study 
areas (H = 392 m) is similar to the values obtained 
in the Gilort Basin, Romania (H = 358; Marinescu  
2007), and Norway, Sweden and Finland (H = 400; 
Hassinen 1998). 

5    Conclusions 

We conducted an accurate spatial and 
morphometrical analysis of the glacial cirques in 
two valleys of the Central Pyrenees – one north-
exposed (the Aran valley), and the other south-
exposed (the Boí valley) – in order to better 
understand the factors controlling their 
distribution and development. Data on the 
topographic, morphometrical and lithological 
properties of the glacial cirques also enable one to 
infer that  the paleoclimate conditions that trigger 
their formation and growth. 

Glacial cirques in the Aran and the Boí valleys 
show morphometrical properties similar to those 
reported in other mid-latitude environments. The 
local topography and microclimate conditions 
impose substantial differences on both valleys in 
terms of the morphology and dimensions of the 
cirques. While these landforms in the Aran valley 
are predominantly NE oriented, with the cirque 
floors mostly distributed between 2200 and 2400 

m (43%), in the Boí valley these features show no 
prevailing aspect at altitudes mainly concentrated 
between 2400 and 2600 m (48%). Glacial cirques 
in the Boí valley are larger than in Aran, though the 
dimensions of the cirques decrease with elevation 
in both valleys. Lithology does not control the 
distribution of the cirques, but it conditions their 
morphology, as shown by some lithological settings 
(i.e. granite) that favour the development of larger 
cirques. 

Our understanding of the spatial properties 
and development process of the cirques allow one 
to define the role of Quaternary glaciations and 
post-glacial environmental dynamics in the 
shaping of the landscape of the highest lands in the 
Pyrenees. In this context, an accurate and thorough 
understanding of the different land systems 
interacting in mountain environments is of the 
utmost importance in order to better understand 
current landscape dynamics in high mountains, as 
well as to assess management policies in 
environmental protected areas such as the 
Aigüestortes and Sant Maurici Lake National Park, 
located in the study areas. 
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