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Abstract: Soajo Mountain is located in the northwestern Iberian Peninsula near the border between
Portugal and Spain. Its highest elevation is 1416 m at the Pedrada summit. During the Pleistocene,
the cascade cirques on the east flank and the icefield that covered the flattened surface of the high
plateau generated several glacier valleys. This study presents a paleoglacial reconstruction of the relict
glacial landscape in Soajo Mountain for the Glacial Maximum Extent (GME) through the following
methods: (1) a detailed geomorphological map supported by high-resolution orthophotography,
digital elevation models with a spatial resolution of 70 cm, and field surveys; (2) the delineation
of the glacial surface, and the calculation of the glacial flowlines to obtain the numerical model of
the ice thickness; and (3) an estimation of the paleoELA altitudes. The paleoglacial reconstruction,
using GlaRe methodology, reveals a glacial surface of 16 km2, including an icefield on the Lamas
de Vez plateau (mean elevation of 1150 m) and a radial glacial flow to the east and north. The
arrangement of the glaciated area attests to the topographic, lithological, and structural conditioning
on the development of small glacial tongues, with an emphasis on the ice tongue flowing northwards,
with a thickness of 173 m and a length of 2.92 km. The Soajo GME paleoglacier comprises three
main glacial sectors: Lamas de Vez Icefield, Vez and Aveleira Valleys, and the Eastern Glacial Sector.
These paleoglaciers have achieved maximum ice volumes of 214.4 hm3, 269.2 hm3, and 115.8 hm3,
respectively, with maximum ice thicknesses of 127 m, 173 m, and 118 m, respectively. On the west
flank, a smaller paleoglacier named Branda da Gémea recorded an ice volume of 24.3 hm3 and a
maximum ice thickness of 110 m. According to the ELA-AABR method, Soajo Mountain has one of
the lowest ELA values in the Iberian NW, ranging from 1085 to 1057 m. This is due to its oceanic
location, an orographic barrier effect, and the influence of the polar front.

Keywords: glacial reconstructions; GlaRe; ELA; Soajo Mountain; Portugal

1. Introduction

The understanding of the Quaternary climatic evolution of the Earth can be supported
by the analysis of glacial landforms. The existence and geographic location of glacial
landforms are excellent geomorphic markers to evaluate the landscape response to the
glacial and interglacial stages [1].

Mountainous landscapes are archives of local past climates [2], since they can preserve
glacial landforms that reflect the age and intensity of the specific cold conditions necessary
for their genesis. The study of glaciers and glaciations in a mountainous context depends
directly on prior knowledge of the location, typology, and processes inherent to each
morphology [3,4]. In mountain paleoglacial environments, the advantage of the existence
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of glacial deposits, especially moraine ridges and erratic blocks, is the possibility of defining
possible limits corresponding to several glacial phases [5,6].

The reconstruction of paleoglacial dynamics is a key challenge to understanding the
current landscape of ancient paleoglaciated mountain areas [7,8] and to analysing the
variations of their local cold conditions during the Upper Pleistocene [6].

Therefore, the detailed geomorphological study of glacial landforms allows, subse-
quently, the reconstruction of the paleoglacial masses responsible for the evolution and
current state of mountainous landscapes [9]. Currently, with a detailed geomorphological
map and a good interpretation of the inherited glacial forms, by using several available
modelling tools, such as the GlaRe and ELA calculation toolboxes [10,11] (Supplementary
Materials), it is possible to obtain an accurate reconstruction of paleoglaciers, namely, by
obtaining accurate areas of maximum extent, and values of ice thickness and ELA.

On the Iberian northwest massifs, it is common to find glacial landforms inherited from
Pleistocene glaciations [12]. All these cold-related landforms can be used as paleoclimatic
and geomorphological indicators in paleoglacial studies by reconstructing ancient glacial
environments using qualitative and quantitative measurements [5,7,13–15] even though
the glacial processes are now extinct in northwest Iberia.

These paleoglacial reconstructions enable comparisons between current glacier mor-
phologies, with the aim of using active glaciers to explain and comprehend the behaviour
of extinct glaciers. These comparisons can be made using data from office interpretation,
field reconnaissance and validation, geomorphological mapping [11,16], and the obtaining
of ages to establish a geochronology of the process [9].

The mountainous landscape of the northwestern Iberian ranges is marked by the
existence of significant and low mountain paleoglaciers, including those in the Serra del
Xistral, Faro de Avión, Peneda-Gerês massifs, Montes de Cebreiro, Serra de Ancares,
Serra do Courel, Manzaneda massif, Serra del Teleno, and Trevinca massif [9,17,18]. For
the Soajo mountain (1416 m a.s.l., and hereinafter referred to as Serra do Soajo) located
in northern Portugal and part of the Peneda-Gerês mountain range, previous research
was concerned with the identification and mapping of the glacial landforms and their
climatic significance [19–31]. Coudé-Gaussen [19] conducted the most relevant study for
the Serra do Soajo by (1) identifying and mapping glacial landforms; (2) delineating the
plausible limits of the Glacial Maximum Extent (GME) based on glacial reconstructions and
Equilibrium-Line Altitude (ELA) values; and (3) explaining and interpreting the factors that
contributed to the occurrence and spatial configuration of the glaciated area. Supported
by field data, Coudé-Gaussen et al. [20] proposed an approach for the regional permanent
snow line of Minho between 1100 and 1000 m. Based on the Maximum Elevation of Lateral
Moraines (MELM) for the Soajo-Peneda-Gerês massifs, Pérez-Alberti [23] established a
general reconstruction of the glaciated area for the GME and set the lowest ELA value
at 773 m.

Despite these recent advances in the understanding of the mountain’s glaciation in
northwest Portugal, a systematic inventory of glacial forms and deposits, as well as their
thorough, detailed geomorphological mapping, is still lacking. This gap makes it difficult to
correctly interpret the distribution of the glacial landforms, calculate the ice thickness and
the ELA values, and discuss the significance of these inherited glacial areas on local and
regional scales. Since LiDAR point clouds have been recently made available for the Serra
do Soajo, topographic recognition and new understandings of the region’s glacial landforms
have become possible, allowing us to move beyond the geomorphological uncertainty of
earlier studies.

The aim of this study was to perform a paleoglacial reconstruction of the relict glacial
landscape of the Soajo Mountain for the Glacial Maximum Extent (GME) through the
following methods: (1) a detailed geomorphological map supported by high-resolution
orthophotography, digital elevation models with a spatial resolution of 70 cm, and field
surveys; (2) the delineation of the glacial surface, and the calculation of the glacial flowlines
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to obtain the numerical model of the ice thickness for the GME; and (3) the estimation of
the paleoELA altitudes.

The numerical glacial model of the paleoglacier reconstruction of Soajo as well as the
ELA-AABR (Accumulation Area Balance Ratio) values [32] were calculated using the GlaRe
(Glacier Reconstruction) and ELA Calculation toolboxes [10,11].

2. Study Area

During the Upper Pleistocene age, all the massifs in the Iberian NW, including Serra
del Xistral (1055 m), Faro de Avión (1155 m), Peneda-Gerês (1557 m), Ancares (1967 m),
Montes do Cebreiro (1470 m), Courel (1643 m), Manzaneda (1784 m), Teleno (2188 m),
and Trevinca (2127 m) (Figure 1a), were dominated by glaciers. These mountains are
medium-high reliefs located between 41◦30′ N and 43◦25′ N, with relative proximity to the
ocean. The northwest Iberian ranges can be divided into two main relief units: the oceanic
group, with the lowest mountains located to the west, and the continental group, with the
highest ones to the east. However, all these massifs act as a continuous orographic barrier
to the westward flow, specifically to the passage of polar fronts.
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Figure 1. Geomorphological and geological setting of the Serra do Soajo: (a) the mountain massifs
of northwest Iberia; (b) cross-section profile (W-E) from the Atlantic Ocean to the Serra do Soajo
showing the ascending mountainous relief characteristic of the North of Portugal; (c) hypsometry of
the study area; (d) geological map of the study area vectorized from LNEG geological charts 01-B
and 01-D; (e) panoramic view of the Serra do Soajo; photo taken from NE, on the geodesic vertex of
Fojo at 1289 m (Sources: CIM, 2018; Natural Earth Data, 2022; Diva GIS, 2022; DEM EU Copernicus
25M, 2022; National Laboratory of Energy and Geology (LNEG), 2022).
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Serra do Soajo, with its highest peak at 1416 m (Pedrada summit), is located about
50 km from the Atlantic Ocean. It is the closest mountain of significant elevation to the
oceanic mountains in the northwest region of Iberia that were affected by glaciers. The
neighbouring mountain range of Peneda-Gerês also shares a similar glacial history [33].
In Figure 1b, we can see the mountain staircase that runs from the ocean to the east and
ends at the Soajo-Peneda-Gerês massif. This orographic barrier causes the sudden rise and
cooling of air masses, which in turn leads to condensation and high levels of total annual
precipitation of around 2200 mm [34]. Soajo has a Mediterranean climate characterised
by huge contrasted seasons, having seven months (from October until April) with more
than 300 mm of precipitation, and the remaining months registering less than 200 mm [34].
The general Mediterranean climate is modified by two aspects: high humidity due to the
proximity to the Atlantic, and mountain characteristics, marked by cold and humid weather
with high levels of precipitation, negative temperatures during several days (below −5 ◦C),
and snowfall periods in the winter. During the summer, the climate is dry, with higher
temperature gradients between day and night.

Serra do Soajo, along with its neighbouring massifs of Peneda and Gerês, has a unique
impact on the region’s climate due to its distinctive relief and varying slope orientations.
The orographic barrier created by the relief running from south to north (Figure 1c) results
in significant topographic and climatic variations in the area.

The north-facing slopes, which account for 71% of the area, are shaded and therefore
have higher humidity levels and less sun exposure. In contrast, the south-facing slopes
receive more sun exposure and have lower humidity levels. The west-facing slopes, which
make up 16.4% of the area, are highly exposed to Atlantic air masses that rise due to the
stairwell topographic profile from west to east. The east-facing slopes, which account for
11% of the area, receive less sunlight and therefore retain snow coverage more easily.

Soajo mountain has a complex shape that roughly resembles a rectangular config-
uration, measuring 11.26 km in length and 8.12 km in width (Figure 1c). It features an
elevation gain of 866 m between the Pedrada summit (1416 m) and the Rouças settlement
(550 m). Approximately 18.7% of the massif, or a 140 km2 area, has slopes greater than
30◦. The mountain can be divided into four main sectors: (1) the three main elevations
(Maranho-Pedrinho, Pedrada, and Fonte do Vido); (2) the parallel valleys and slopes to the
east; (3) the deep parallel valleys to the west; and (4) the central plateau sector, which is a
high depression where the Vez and Ramiscal basins develop. This central plateau sector is
then continued northward by the wide valley of the river Vez. The area is characterised
by numerous valleys and waterways with a rectilinear configuration, and the drainage
network exhibits orthogonal and parallel patterns, indicating the structural conditioning of
the relief.

The predominant bedrock in the area is composed of fine- and medium-grained granite
with two micas (Figure 1d) and coarse- to medium-grained porphyroid granite, biotitic,
and with orbicular facies. Along with granite, the area also contains metamorphic rocks
such as schists, hornfels, and metaquartzites, which are mainly oriented NNW-SSE [35].
The relief is strongly influenced by the fracture network, with the primary fracture system
in the region exhibiting a perpendicular net of discontinuities with SN-S, NW-SE, W-E, and
NNE-SSW orientations, which are mainly related to the old deformation of Hercynian age.

3. Materials and Methods
3.1. Materials

Data from the bibliography, office interpretations, and fieldwork were used to assess
the geographic distribution of glacial morphologies in the Serra do Soajo. The field survey,
supported by the mobile application Survey123 (https://survey123.arcgis.com/, accessed
on 15 April 2020), enabled rapid comparisons between office interpretations and field
observations, as well as the characterization of glacial landform attributes, such as length,
width, and height, as well as the inherent geomorphological processes, coordinates, and
photographic records.

https://survey123.arcgis.com/
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The study used LiDAR point cloud data (2.37 pts/m2) collected in 2018 for the Minho
Intermunicipal Community (CIM), which permitted the generation of a 70 cm pixel-sized
Digital Terrain Model (DTM) and Digital Surface Model (DSM). For the calculation of
Digital Elevation Models (DEMs) with LiDAR point clouds (595,118,494 points), 35 laz
files were merged into a single LiDAR dataset. To calculate the DTM, we selected those
points corresponding to the Ground classification code and the Last and the Last of many as
return values. For the DSM calculation, all the classification codes were defined, excluding
the Noise and the Reserved ones. Regarding the return values, all point cloud returns were
used. For both DTM and DSM rasters, the Elevation attribute was selected. We also used
ortho-rectified images acquired in 2004–2006, 2018, and 2021 provided by the Portuguese
National Geographic Information System (SNIG, https://snig.dgterritorio.gov.pt/, ac-
cessed on 25 October 2021), with a spatial resolution between 1 m and 25 cm. Considering
the geological context, 01-B and 01-D geological charts (1:50,000) were accessed through
the geoportal of the Portuguese National Laboratory of Energy and Geology (LNEG,
https://geoportal.lneg.pt/, accessed on 18 March 2020).

The glacial mapping for Serra do Soajo followed the geomorphological legend of
Lausanne University [36], with an emphasis on the glacial cirques and lateral–frontal
moraine ridges that have the greatest significance for paleoglacial reconstructions, as they
provide robust data to delineate the former glacial surface [10].

3.2. Paleoglacier Reconstruction

As is typical in paleoglacier reconstructions [10,16], geomorphic evidence such as
lateral–frontal moraines and aligned erratic blocks was required to determine the geometry
of glaciated areas. The high-precision field and extensive laboratory work led to high-
precision hypsometric glacier reconstructions [7].

The altitude values were taken from the high spatial resolution DTM for the significant
locations that were identified during the field surveys as erratic blocks and moraine ridges
corresponding to the glacier’s maximum ice thickness, i.e., located at higher and further
positions of the glaciated area. Paleoglacial ice thickness was calculated using the Glacier
Reconstruction (GlaRe) toolkit described in Pellitero et al. [11]. This tool is written in
Python 2.7 and is available for ArcGIS versions up to 10.5. GlaRe, among other paleoglacial
reconstruction tools such as Volta [37], has the advantage of being able to do strong
calculations in GIS environments to accomplish ice thickness estimates. Furthermore, the
output is a raster dataset comprising estimates for the ice thickness, which is quite important
to calculate the ELA based on the AABR method. The toolbox is a reliable and user-friendly
method for ice thickness calculations based on Schilling and Hollin’s [38] equation:

hi+1 = hi +
τav

Fiρg
∆x
Hi

“ . . . where h is ice surface elevation, τav is basal shear stress (in Pa), F is a shape factor,
ρ is ice density (~900 kg m−3), g is the acceleration due to gravity (9.81 ms−2), ∆x is
step length (in m), H is ice thickness (in m), and i refers to the iteration (step) number.”
[11] (p. 2)

According to Patterson [39], this equation considers the perfect plasticity of ice rheology,
which means that when ice moves, it responds dynamically to the bedrock as well as its
own weight. As stated by the premise of ice rheology, the rate of ice deformation varies
with the amount of stress applied to a certain surface [40].

3.3. Equilibrium-Line Altitude (ELA) Calculations

The paleoclimatic significance of the ELA is that it translates the climatic conditions
for glaciers to advance or retreat across the glacial stages, oscillating with mass balance [41].
The ELA is the altitudinal line where the net balance ratio is zero [42]. For the ELA
calculations, there have been several methods developed over the past century [43–45]. The
use of the Maximum Elevation of Lateral Moraines (MELM) and the Accumulation Area

https://snig.dgterritorio.gov.pt/
https://geoportal.lneg.pt/
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Ratio (AAR) were the two most commonly used approaches for calculating ELA [46–50]
until the development of the more current method, the Area/Altitude Balance Ratio
(AABR) [51].

In order to achieve the ELA values for the Serra do Soajo, the ELA Calculation Toolbox
was used, developed for ArcMap 10.1 software by Pellitero et al. [10] (https://github.com/
cageo/Pellitero-2015, accessed on 14 April 2022). This toolbox gives the user the option
of calculating the ELA according to AABR, Accumulation Area (AA), Accumulation Area
Ratio (AAR-Median Altitude), and AAR based on MGE.

In contrast to the AAR method, which uses the total glacial accumulation area and
ratio to determine the ELA value, and other methods, such as MELM that considers the
lowest glacial deposit, and Toe to Headwall Altitude Ratio (THAR) [52], which relies on
the toe and headwall altitudes of the glacier, which can be challenging to define when the
glacier is no longer active, the AABR method stands out as a reliable and robust approach
for topography-controlled glaciers, considering the paleoglacier hypsometry as an input to
calculate the mass balance gradient [52].

The ELA-AABR values can be calculated using the mass glacier balance model gener-
ated with the GlaRe toolbox using the following equation:

BR =
Zac Aac

Zab Aab

where Zac is the area-weighted mean altitude of the accumulation area; Aac is the area of
accumulation; Zab represents the area-weighted mean altitude of the ablation area; and Aab
is the area of ablation [32].

The ELA-AABR method was applied based on the “representative” Balance Ratio
(BRs) values for mid-latitude maritime mountains between 1.7 and 2.0, studied by Rea [51]
using the World Glacier Monitoring Service (WGMS).

4. Results

The new geomorphological map is based on 339 field survey points that were used to
validate and map glaciogenic landforms along glacial accumulation or ablation areas. By
combining field and office work, the researchers identified a range of features, including
3 classic “U”-shaped valleys, 1 icefield, 17 cirque headwalls, nivation nests, polished
and striated bedrock, roche mountonnée, 122 moraine ridges, and 26 glacial till sites with
thicknesses ranging from 0.5 to 4 m. Additionally, 37 locations were identified as dominated
by periglacial processes.

These glacial landforms and deposits allowed for the development of the geomorpho-
logical map depicted in Figure 2, where it is possible to define three principal sectors: the
Lamas de Vez Icefield (LVI), the Vez and Aveleira glacial valleys (VAV), and the Eastern
Glacial Sector (EGS). Facing west, we have the small glacial valley of Branda da Gémea,
which, despite its distance from the main glaciated area, has clear glacial remains. Obvi-
ously, the glacial masses had a major effect on the reworking of the landscape, especially in
the upper Soajo and eastern valleys and slopes. The glacial conditioning is demonstrated
by the abundance of erosional landforms such as small U-shaped valleys, cirques, and
polished surfaces, as well as depositional features such as moraines, erratic blocks, and tills.

Globally, the glaciated area is asymmetrical, with coverage extending across the high
plateau and a connected tongue in the central area of the mountain. A staircase of multiple
coalescent glacial cirques with small tongues can be found to the east, while isolated
cirque glaciation can be seen on the west side of the massif. The valleys in Serra do Soajo
share similar topographical characteristics. However, this paper focused on four specific
valleys—Vez, Cabril, Gorbelas, and Ramisquedo—with lengths ranging from 1.5 to 4 km
and a maximum depth of 747 m.

https://github.com/cageo/Pellitero-2015
https://github.com/cageo/Pellitero-2015
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Figure 2. Geomorphological map of Soajo considering the Glacial Maximum Extent (SGME). Some
of the main glacial features were already identified in the previous works [19–21,26,29–31] Sources:
CIM, 2018; National Laboratory of Energy and Geology (LNEG, 2021).

As a result, there is a noticeable contrast between the glacial and fluvial landscapes
in the area. In the Vez Valley, the most significant glacial deposits are located asssst an
altitude of 895 m. In contrast, at Cabril, Gorbelas, and Ramisquedo, the glacial deposits
are typically found between 600 m and 650 m of altitude. On the steepest slopes of these
valleys, it is common to find dismantled moraines and slope deposits resulting from
gravitational processes.

Glacial abrasion effects can be observed in all the aforementioned valleys beginning
at an altitude of 1000 m. At these elevations, the exposed bedrock, particularly where
granites are dominant, appears to be remarkably smooth and regular, featuring striated
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bedrock, and polished rock surfaces and minerals. In contrast, residual granitic reliefs are
almost absent.

On the cirque’s floors or in the direction of the ice flow are commonly found roche
mountonnée, striated and polished bedrock, and mineral veins, mostly quartz and feldspar,
since granites are the dominant lithology. These landforms related to glacial erosion are
frequent at higher altitudes, where the ice promotes higher shear stress. The weathering of
the bedrock by cryoclastic and gelifraction processes [53], followed by an intense fracture
system with a perpendicular net, created a favourable geological context to exploit all
types of weaknesses in the bedrock, leading to a great supply of rocky material to develop
well-formed moraine ridges topped by large blocks. It is evident in Figure 2 that ice
flow explored the fault network, such as the Vez river tectonic corridor (N-S), as well as
the WNE-ESE faults that guided the development of the eastern valleys, facilitating their
ice feeding from the central plateau. In the metamorphic basement affected by the ice
flow, it is common to observe polished surfaces and clear erratic blocks of huge diameter
(approx. 5 m).

The presence of moraines at different altitudes reflects the existence of various tongues
besides the GME. The different levels and positions correspond to the retreat of the ice cap,
suggesting the occurrence of several phases of (de)glaciation. The largest location of glacial
moraines, in Lamas de Vez, vividly displays the radial and dendritic effects of the spatial
distribution of glacial mass during the GME. This is due to the connection between the
icefield and the neighbouring valleys.

In the Eastern Glacial Cirques sector, the concave granitic shapes between Cabril and
Bosgalinhas were covered by ice, with coalescent glacial tongues reaching Rouças and
Gavieira. In the northern sector, there is clear connectivity between the Vez and Aveleira
glaciers. In most sectors, the moraine ridges are located in the interfluve, indicating long-
lasting glacial accumulation. The identified moraine ridges and erratic boulders are located
at varying altitudes, with some at higher positions than others.

Examples of glacial sediments include the sedimentological profiles of Vez lateral
moraines, which have deposit thicknesses ranging from 1.8 to 2.1 m and are classified as
lodgement and supraglacial melt-out tills at an elevation of 920 m [29]. Another instance
is the lateral moraine of Gorbelas/Junqueira at an altitude of 927 m [21,29], which has a
thickness of 2.5 m.

On the eastern slopes, fluvioglacial deposits predominate and are well preserved.
Even though Rouças and Gavieira have human settlements, they are primarily made up
of enormous granitic stones that are over 8 m in diameter and mixed with sand. While
the fluvioglacial fan at Gavieira (630 m) is confined by the constriction of the Pomba river
valley floor, the fan at Rouças (550 m) has a radial shape. These fluvioglacial landforms are
located at the snouts of both locations where intense fluvioglacial discharges occurred. At
the junctions of the tributary valleys of Rouças and Gavieira, small lobes were interpreted
as fluvioglacial masses of weaker glaciations than GME.

The cold and dry climate also left traces related to cryoclastic processes of bedrock
weathering, mostly on the western slopes that were exposed to the cold fronts. The mapped
periglacial remains were classified as block fields and block slopes. The block field occurs
at the peaks or in plain areas, while the block slope occurs where the slope angle is higher,
having a greater occurrence at altitudes over 1150 m. The study area is worth mentioning
for the relief peaks of the Pedrada, Maranho, Pedrinho, Fojo, and Outeiro Maior sites. At
Pedrada, Maranho, and Outeiro Maior headwaters could be seen a 2–3 m tall wall with
a 5 km of length to trap wolves that could threaten the cattle in the highlands and small
shelters for cattle and shepherds, where local communities use the periglacial slabs.

To detail the field data that formed the basis for the calculation of GME and ice
thickness, we present detailed observations and data for key sectors.
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4.1. Lamas de Vez Icefield

Lamas de Vez’s highland area defines a depressed area between 900 and 1200 m of
altitude. It is topographically protected by the southern, western, and eastern reliefs, which
range between 1416 and 1200 m. The Lamas de Vez highland is a broad and relatively large
area (approximately 4 km2). This basin’s sheltered location promoted glacial accumulation
and led to the formation of an icefield that, at its capacity, nourished the neighbouring
valleys in the north, southwest, and east directions.

In this area, there are several remnants of the glacial outflow, including (1) moraine
crests formed in the Vez glacial valley at an altitude of 1150 m (Figures 2 and 3a–c); (2) roche
moutonnée, striated and polished bedrock (at 1210 m), located between the icefield cells
towards the eastern valleys (Figure 2); (3) southwest lateral moraine ridges mostly deposited
by the interfluve line in the piedmont of Maranho (Figure 3a,c,d); and (4) Pedrada piedmont
moraine M4 (Figure 3a) towards the Ramiscal valley at an altitude of 1140 m.
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Figure 3. Geomorphological framework of Lamas de Vez sector: (a) global perspective of the icefield
plateau, showing several retreat moraine ridges; (b) detailed view of a retreat moraine ridge (M1)
and the depression filled with peat bog; (c) detailed view of retreat moraine ridges (M2 and M3)
associated with the Ramiscal ice tongue; (d) subglacial till deposit observed on the moraine ridge M2;
(e) periglacial blockslope of the northwestern slope of Pedrada; (f) detailed view of a human-made
wall with periglacial slabs to catch wolves near the Maranho peak (local name of Fojo).

Between Maranho and Pedrada’s northern slopes, six parallel moraine ridges were
identified. The three lateral moraines near Maranho registered altitudes between 1240 m
and 1230 m (Figure 3d). The others, located at the Pedrada piedmont, range between
1177 m and 1115 m (Figure 3e).

At an altitude of 1200 m, the highland of Lamas de Vez is characterised by its wide-
open, depressed morphology and spans almost 4 km2. This location is the primary topo-
graphical factor for snow and ice accumulation in the area, having previously acted as a flat
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surface that led to the formation of an icefield. Today, Lamas de Vez is the head catchment
for the Ramiscal and Vez rivers.

4.2. Glacial Valleys of Vez and Aveleira

Lithologically, these two valleys are similar. Both registers have patches of metamor-
phic basement appearing between granitic bedrock. Here, the valley glaciers were easily
explored for structural pattern and weaknesses, with the current profile of both defined as
“U”-shaped valleys (Figure 4a,b). The observation of the highest right-sided erratic block
of Vez Valley was extremely clear, located at 1069 m of altitude (Figure 4a,d). Bouldered
moraine ridges were discovered at 1000 m altitude in Senhora da Guia and Aveleira valleys,
where it is common to find granitic erratic blocks having dimensions >10 m in diameter,
deposited between 1025 and 976 m of altitude, distributed along the slopes (Figure 4a,f).
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Figure 4. Geomorphological framework of Vez and Aveleira glacial valleys and marginal glaciated
areas of Santo António and Senhora da Guia: (a) “U” shaped Vez valley and the distribution of
moraine ridges located in Vez and Aveleira valleys and Senhora da Guia; (b) lateral moraine (LM)
in Aveleira valley; (c) glacial diamicton showing Unit 1: slope deposits, and Unit 2: clayey-coarse
grained till with erratic metric block; (d) granitic erratic block (EB1) deposited over schist outcrop in
Vez Valley; (e) lateral moraine (LM) in Branda do Furado; (f) panoramic view of moraines boulders at
the marginal sector of Vez glacial valley and erratic block field at the confluence area between the Vez
and Aveleira rivers.

4.3. Eastern Glacial Sector (EGS)

The EGS area is characterised by a significant glacial sub-excavation surface, which
is directly related to the bedrock’s structural conditions dominated by perpendicular
fracture systems in different directions (S-N, W-E, SE-NW). The glacial erosion process
contributed to weakening of the granitic bedrock, resulting in concave physiognomies in
classic armchair-like shapes in the form of cirque glaciers [40] (Figure 5a). These glacial
cirques, situated between 1300 m and 1000 m of altitude, exhibit a staircase topographic
profile of the eastern valleys, where the apex of one cirque forms the lip of its consecutive
(Figure 5a). The intense erosional processes resulted in abundant rocky material, forming
most of the moraine ridges identified in the eastern sector.
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Figure 5. Glacial geomorphology of the Eastern Glacial Sector of the Serra do Soajo: (a) geomorpho-
logical perspective of the glacial cirques, valleys, and deposits at Lombo de Gorbelas (LG), Gorbelas
(G), Ramisquedo (R), Junqueira (J), and Bosgalinhas (B), and fluvioglacial deposits at Rouças, Gavieira
settlements (orthorectified imagery from SNIG and LiDAR DSM); (b) Cabril glacial cirque with wide
amphitheatre; (c) striated and polished surface (SS) in Cabril glacial cirque; (d) hillshade representing
lateral moraines deposited at Lombo de Gorbelas (LG); (e) erratic block (EB1) deposited at LG;
(f) Casa do Cavalo moraine (CCM) deposited by the interfluve line at Junqueira settlement; (g) till
deposit (TD) exposure near Junqueira settlement.

The outlet of the Cabril glacial cirque at 1100 m of altitude (Figure 5a,b), Lombo
de Gorbelas (Figure 5d), and Ramisquedo slopes between 1074 and 1021 m of altitude
(Figure 5a,c) feature boulder lateral moraine ridges. The most prominent moraine is
situated at Casa do Cavalo, measuring 322 m in length and deposited at an altitude of
1090 m (Figure 5a,f).

At the EGS, the distribution of depositional glacial landforms starts between 1100 m
and 1000 m of altitude, right after the glacial accumulation areas. The Cabril valley, one of
the greatest glacial valleys of Serra do Soajo, has fewer deposits that can help us understand
how intense the fluvioglacial discharge was. At the EGS, the moraine ridges are specially
deposited by the interfluve lines of different valleys, which is strong evidence for the
glacial coalescence of ice tongues. Here, there is a strong contrast with the marginal
sections of Santo António and Senhora da Guia in terms of glacial deposits preservation.
Morphologically, the glacial deposits found in the EGS are also composed of boulders
of great dimensions (mostly granite), and it is possible to identify classic examples of
till exposures.

4.4. Branda da Gémea Glacier

Located on the outskirts of the SGME, Branda da Gémea glacial valley, nicknamed
Corga dos Cortelhos (Figure 6a) by Coudé-Gaussen et al. [20], presents unique topographic
and structural conditions. At 1300 m, the cirque’s head collides with the base of the
Pedrinho peak. The presence of faults with a SE-NW orientation dominates the valley’s
orientation. The slope’s position on the left side facing NE and the right-side facing NW
makes them shady slopes. During the Pleistocene glaciations, these variables enabled the
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formation of a glacial tongue in the Branda da Gémea valley (Figure 6b). The ice mass
in Branda da Gémea could deposit material to form well-defined lateral moraine ridges
(Figure 6a,c) with a length of about 450 m deposited between 1105 m and 950 m of altitude.
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Figure 6. Glacial geomorphology of Branda da Gémea valley: (a) three-dimensional panoramic view
of Branda da Gémea and neighbouring valleys (orthorectified imagery from SNIG and LiDAR DSM);
(b) Branda da Gémea glacial valley, cirque, and lateral moraines (M); (c) dismantled lateral boulder
moraine (M1) with lack of glacial diamicton by the right slope of the valley (M1); (d) polished granitic
surface (PS) at Branda da Gémea.

4.5. Glacier Surface Reconstruction
Glacial Maximum Extent and Ice Thickness

Globally, the reconstructed model of the Soajo Maximum Glacial Extent (SGME)
revealed a radial distribution of the glaciated area and an isolated tongue on the west,
developed along the Branda das Gémea valley (Figure 7). The recreated paleoglacier surface
covers c.a. 16 km2 and depicts how the glacial flow would have been across the valleys
throughout the GME (Figure 7).

The Lamas de Vez icefield was the main feeder for the propagation of the glacial
tongue along the Vez valley towards the north. Moraines and erratic blocks belonging to
the Aveleira valley’s glacial tongue justify the coalescence of glacial tongues that occurred
in this frontal sector. In the SW sector of the icefield, the Ramiscal valley also benefited
from the glacial outflow. The lateral moraine found between Maranho and Pedrada
(Figure 3a,c) supports this interpretation. In the Branda da Gémea glacial valley, despite
the disassembled appearance of moraine crests, these are interpreted by the longitudinal
alignment of erratic megablocks and the absence of glacial diamicton.

The model most likely replicates the ice thicknesses in the accumulation zones (Lamas
de Vez icefield, glacial cirques headwalls of Branda da Gémea, and eastern glacial sectors)
and the ablation zones (Santo António, SW of Ramiscal drainage, Rouças). The icefield of
Lamas de Vez had ca. 3.30 km2 of area, representing 20% of the total glaciated area, with a
volume of 214.4 hm3 and a maximum ice thickness of 127 m (Table 1).
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Figure 7. Soajo Glacial Maximum Extent reconstruction: (a) hypsometry of the glaciated areas
(C—Cabril; G—Gorbelas; R—Ramisquedo; J—Junqueira; B—Bosgalinhas; A—Aveleira); (b) ice
thickness surface of the glaciated areas; (c) topographic profile (approx. ENW-ESE) with the respective
ice thickness (Source: CIM, 2018; ELA Calculation Toolbox, 2015; GlaRe Toolbox, 2016).

Table 1. Spatial measures for each one of the glacierized sectors in Serra do Soajo for Glacial Maximum
Extent (GME).

LVez If VezR v Avel v SW Ram S Cab v EGS Total BGem v

Glaciated area (km2) 3.305 3.968 1.55 0.714 1.859 5.1 16.496 0.419
Glaciated area (%) 20 24 9.4 4.3 11.3 31 100 100
Max. ice thickness ca. 127 173 118 66 106 107 - 110
Ice volume (hm3) 214.4 269.2 115.8 14.6 79.0 188 881.2 24.3

Ice volume (%) 23.7 29.7 12.8 1.6 8.7 20.8 100 100
Length (km) 2.86 2.92 2.98 0.7 3.3 2.99 - 1.92

Max. altitude (m.s.l.) 1250 1247 1157 1274 1256 1210 - 1217
Min. altitude (m.s.l.) 1150 830 1033 1060 737 649 - 796

LVez If—Lamas de Vez Icefield, VezR—Vez river valley, Avel v—Aveleira valley, SW R S—SW Ramiscal sector,
Cab v—Cabril valley, EGS—Eastern glacial sector, BG v—Branda da Gémea valley.
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Due to the icefield supply, the Vez glacier receives and accumulates a significant
volume of ice, which leads to an accumulation of ca. 269 hm3. The Aveleira Valley
headwaters are at 1169 m in altitude and are oriented to the north and later to the west
(Figure 7). The glaciated area of the nivation nest and valley glaciers that developed here is
1.55 km2, accounting for 9.4% of the overall area. The greatest thickness, according to the
computed model, is 118 m. The volume in this section is 115 hm3 (Table 1).

The glaciers in the SW sector of Lamas de Vez attained maximum thicknesses of 66 m,
700 m in length, and 15 hm3 in volume, accounting for approximately 2% of the total ice
volume measured in the studied area (Table 1).

The iterated glacial model of the EGS had an area of 5 km2. They developed well until
they approached the snouts (Gavieira and Rouças), with ice thickness varying between
107 and 18 m from the higher to the lower altitudes of the valleys. The distribution of
moraines and erratic blocks showed a dendritic behaviour between the former glaciers
during the GME, particularly between 1150 m and 750 m. The ice tongues were not thicker
than 107 m. They covered 5.1 km2 and accounted for 31% of the entire glaciated surface.
The volume was estimated to be around 188 hm3. The glaciers that evolved in these valleys
were around 3 km long (Table 1).

The Cabril valley ice tongue stands out among the eastern glaciers for its size, with
an area of 1.9 km2, constituting 11.3% of the overall area of the SGME. It has a calcu-
lated volume of ca. 79 hm3 and a maximum thickness of 106 m, reaching a length of
ca. 3.3 km (Figure 7b). Branda da Gémea glacier was calculated separately from SGME.
The glacial model appropriately corresponds to the previously observed and discussed
moraine ridges. According to the calculated surface (Figure 7a), the Vale da Branda da
Gémea glacier reached around 2 km in length and 0.41 km2 in area. In volumetric terms, the
glacier attained a maximum thickness of 110 m, and the glacial basin held approximately
24 hm3 of ice.

Lamas de Vez icefield and Vez glacier revealed similar area percentages (20–24%) and
registered the greatest volume percentages (29.7–23.7%). These values help to understand
how glacial accumulation dynamics were active and intense, firstly due to the orographic
barrier between Maranho-Pedrinho-Alto da Preguiça (S-N), and secondly because of the
icefield glacial outflow.

The Aveleira glacier has the same behaviour in area and ice thickness as the Vez glacier
proportion, but with lower values. The SW Ramiscal, Cabril Valley, and Eastern glacial
sectors show that glacial tongues had greater glaciated areas than ice thickness percentages
(lower than 5% on both metrics). The Eastern Glacial Sector reveals the biggest glaciated
area, with more than 30% of the total glacial surface in Serra do Soajo, but it is 8.9% thinner
than the Vez glacial tongue.

The radial effect on glacier distribution during the SGME shows that the passage of
polar fronts, from west to east, promotes ice accumulation more easily on the east-oriented
slopes. The same effect of the polar front passage was also noted by Vieira [14] in the Serra
da Estrela paleoglacier. The orographic precipitation and topographic features allowed the
eastern slopes to promote the development of important glacial masses.

4.6. ELA-AABR Result

For the ELA paleoglacial reconstruction (Figure 7 and Table 2), the Branda da Gémea
glacier was calculated separately because it is a simple glacial valley with independent
glacial dynamics from the Lamas de Vez icefield. For the valleys connected by glacial
drainage from the icefield, the ELA calculations were performed jointly across the entire
paleoglacier surface. The ELA-AABR values worked very well (Table 2) with the lateral
moraine ridges associated with the GME in Lombo de Gorbelas with altitudes between
1100 m and 964 m and with the Casa do Cavalo lateral moraine located at 1074 m of
altitude, which represent the most prominent moraine ridges in the eastern glacial sector.
The northern deposition marginal sector of Santo António and Senhora da Guia also
revealed a good relationship between the height of the identified glaciogenic features and
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the ELA-AABR calculations. Additionally, the values calculated for the northwest valley of
Branda da Gémea (1217 m) registered a significant relationship with the moraine ridges
located on both valley sides between 1066 m and 958 m.

Table 2. ELA balance ratio for AABR methods for the Soajo Glacier Maximum Extent (SGME) and
for the Glacial Valley of Branda da Gémea.

SGME Branda da Gémea Valley Glacier

BR Method ELA (m) BR Method ELA (m)

1.7 AABR 1100.5 1.7 AABR 1057.5
1.8 AABR 1085.5 1.8 AABR 1057.5
1.9 AABR 1085.5 1.9 AABR 1057.5
2.0 AABR 1085.5 2.0 AABR 1057.5

5. Discussion

The findings of this study highlight two important aspects of the glaciation of Soajo:
the distinct shape of the glaciated area within three sectors, and the flow of the glacier from
the centre outwards. The reconstruction of the ice-covered area indicates that there were
multiple connected glacial basins during the GME, and the glaciated plateau of Lamas
do Vez served as the ice source for the surrounding valleys, except for the isolated valley
of Branda da Gémea in the west. As a result, the ice cover spread radially, exploiting
lithological weaknesses and fractures in the rock. The topographic features of deeply
embedded valleys and lowered pathways also facilitated the glacier’s flow.

Coudé-Gaussen et al. [20] and Pereira and Pereira [26] had already delimited the
glaciated area, but the glacial landforms and deposits that supported their map were quite
limited. Our systematic fieldwork and the LiDAR data interpretation showed that there are
more geomorphological elements to support the definition of the ice-covered surface, the
definition of the maximum extent of the ice, and the calculus of the ice thickness.

Several factors contributed to the presence of glaciers in Serra do Soajo, including
(1) the N-S orientation of the granite relief that dominates the study area, and its lithological
influence on the paleotopographic conditions for the development of ice accumulation
surfaces, as well as the dense fractures network that was exploited by the ice erosion
and flow [19]; (2) the proximity to the Atlantic Ocean and the climatic influence from the
passage of the wet polar fronts combined with the occurrence of an abrupt orographic lift,
responsible for abundant rainfall on the mountains windward side and significant snowfall
on the mountain highlands, where cold conditions were severe during the winter [2]; and
(3) the valley sheltering glacial masses from insolation when orientated from north to east.
The same effect was observed by Daveau and Devy-Vareta [54] in Serra da Cabreira, and
Santos-González et al. [7] confirmed that in the Iberian northwest, the topographic features
are responsible for the development of microclimates at high elevations [8,55].

These factors explain not only the variations between non-glacial slopes oriented W-S
(with the exception of SW Ramiscal) and glaciated slopes oriented N-NE-E, but also the
abundant accumulation of ice in highlands over 1000 m of altitude.

In the northwest of the Iberian Peninsula, there are several massifs comparable to
Soajo in terms of glaciated surface area, number and extent of glacial tongues, and glacial
dominance over N- and E-oriented slopes. Comparatively, Serra do Soajo (1416 m—Pedrada
summit) had approximately 16 km2 of glaciated area, 6 glaciers, and 5.78 km of maximum
glacier length. Serra do Courel (1641 m—Formigueiros peak) has a glaciated area of
19.2 km2 and 9 glaciers, the longest glacier being 4.8 km [55]; and Serra Faro de Avión
(1151 m—Avión peak) has 19.6 km2 of glaciated area and 2 glaciers, the longest glacial
tongue being 3.4 km [56]. Despite the varying elevations of these three glaciated regions,
the former glaciers developed quite well on the north- and east-facing slopes.

Regarding the ice thickness in glaciated areas, the Lamas de Vez Icefield reached 127 m,
while the Vez glacial valley reached 173 m. At Serra do Courel, the Seara icefield had a
thickness of 130 m, whereas the Ferreirós and Folgoso glaciers had a maximum thickness of
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65 m [55]. Valcarcel and Pérez-Alberti [56] and Schmidt-Thomé [57] noted the presence of
an icefield and two minor glaciers that drained through the valleys of Cabana and Outeiro
in Serra Faro de Avión, but there are no precise data on the ice thickness.

Comparatively, the paleoglaciated regions of Soajo, Faro de Avion, and Courel had
nearly identical dimensions and glacier thicknesses, but each developed its own distinctive
glacial morphology. This led us to the conclusion that the climatic conditions were very
similar, but the relief arrangement provided intriguing features for ice accumulation and
erosion, while snowfall intensity was similar.

5.1. NW Portuguese and NW-N Iberia ELA’s

Regarding the ELA’s variation values in northwest Iberia and for comparative pur-
poses, the values calculated through the AABR and THAR were considered, as they are the
most compatible methods. Furthermore, the studies refer to the local Last Glacial Maximum
(lLGM), except in the case of Soajo, where the ELA’s were calculated for the GME.

Considering the data in Figure 8, the ELA values in the Iberian northwest increase
from W-E and from N-S, revealing the exposed nature of the northwest Iberian coastal
massifs and the influence of cold maritime conditions. Starting from west to east, the
Cantabrian Mountains have a maximum ELA of 1883 m; Serras de Teleno, La Cabrera,
and Trevinca have similar ELA between 1830 m and 1833 m of altitude. Serra do Courel
and Cebreiro-Oribio Mountains have 1320 m and 1255 m of altitude, respectively, with a
difference of 65 m between them.
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Concerning the maximum values (Figure 8), the western massifs of northwest Iberia
have the lowest ELA values, starting with Serra del Xistral (857 m), then Serra de Faro de
Avión (994 m), and then Serra do Soajo (1085 m).

Comparing the results of this study with those of Cantabrian Mountains, which have
an altitude of 2411 m [7], the distribution of the ELA drops in altitude analogously from
the internal areas towards the ocean.
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In Serra do Soajo, ELA altitude values range between 1057 m and 1087 m, and this
variation between mountain sides can be explained by the inner and less-exposed posi-
tion of Soajo than Branda da Gémea to humid westerly or northerly winds such as the
Cantabrian Mountains ELA variation [7].

The spatial comparison of ELA values between these locations is defined not only by
the climate conditions during the Upper Pleistocene cold periods but also the microclimates
created by the relief arrangement [12,58–60]. The asymmetrical distribution was once
described by Coudé-Gaussen [19] in a PaleoELA map, reflecting the contours of ELA in the
Iberian Peninsula during the LGM.

5.2. Limitations and Further Challenges

Our research findings highlight the need for additional studies in order to have a more
reliable paleoglacial reconstruction of the Soajo Mountain, improving our understanding
of the glaciation’s processes, depositional landforms, stages, extent, and chronology.

The major limitation of the present reconstruction is the lack of dating to establish a
chronology of the glaciation, since it only considered the ice cover extent for the GME, to
which no date can be given. However, the staggered positioning of glacial landforms and
deposits in altitude and along the valley floors indicates the occurrence, at least, of three
distinct phases of ice cover retreat.

The presence of distinct lateral moraine ridges and aligned-erratic blocks in the area
is indicative of recent glacial/deglaciation stages. Although erratic blocks in the Sen-
hora da Guia (1000 m a.s.l.) and Vez-Aveleira valleys (900 m a.s.l.) sites were recently
dated by the 10Be cosmogenic nuclide method [61], yielding, respectively, 22.9 ka and
16.3 ka, pointing to the Last Glacial Maximum (LGM) and Younger Dryas, there are no
dating records for many significant places. The recent dates for Serra do Soajo, when
compared with the neighbouring massifs of Trevinca and Manzaneda (Figure 8), where
Pérez-Alberti and Goméz-Pazo [17] defined four glacial phases based on the available
chronology data [13,53,62–65], seem to match the second, between 22 ka to 19 ka, and third
categories (16 ± 7 ka), lacking the first (44 to 27 ka) that is supposed to be the GME, and
the most recent (16 to 11 ka).

Even with the mentioned limitations, it is noted that the first detailed geomorphologi-
cal map of the area is presented, an element that will support the definition of the sampling
sites for dating in order to perform a chronologically accurate paleoglacial reconstruction.
Because of the scientific potential implied in this area, future research should concentrate
on the use of absolute and relative dating techniques to establish the chronology of the
LGM and all subsequent deglaciation episodes.

Further studies should be developed to understand the paraglacial landscape reac-
tion [66–68], since the location of the glacial landforms and deposits suggests that the Serra
do Soajo glaciers melted permanently due to climatic oscillations. As the ice retreated, flu-
vioglacial processes ensued, leading to the creation of proglacial environments such as peat
bogs at Lamas de Vez, colluviums in the Vez and Cabril valleys, and the fluvioglacial fans
at the EGS that could be promoted by a local Foëhn effect [69]. These non-glacial landforms
indicate the transition from the cold-dry/humid climates of the Upper Pleistocene to the
warm-dry/humid climates of the Holocene [70].

The majority of the mountain’s glacier key locations is readily accessible, however,
some valley sections can be difficult to obtain because of the dense vegetation there. The
presence of glacial diamictons also contributes to the dense land cover, making it difficult
to confirm deposits in some valleys such as Branda da Gémea, Vez, Aveleira, Cabril, and
Gorbelas/Ramisquedo valleys. Other structures, such as the erratic block field at the
Vez-Aveleira glacial confluence and the left lateral moraine ridge of the Ramiscal valley,
still need to be confirmed.

The presence of glacial till at the Bouça dos Homens depression (1053 m) in the west
(Figure 2) indicates glacial activity that must be investigated, and the hypothesis of an



Land 2023, 12, 1226 18 of 21

ice connection between this area and the Aveleira glacier via the Fonte do Vido passage
(1200 m) is another hypothesis to test.

There are distinctive till exposures, fluvioglacial fans and lobes, gravity landforms, and
colluviums in the glacial deposits of the Serra do Soajo. Assuming the current understand-
ing of till deposits provided by Santos et al. [28], future sedimentological investigations
will contribute to a comprehensive understanding of the character of glacial deposition
and confirm whether or not the deposit has been reworked by external processes. With
adequate date records, it may be possible to distinguish their spatiotemporal sequence and
characterise deglaciation phases up until their final retreat.

6. Conclusions

The study of paleoglaciers in Serra do Soajo is not new; however, the scarcity of
high-resolution DEMs and the lack of detailed surveys has slowed the geomorphological
knowledge of the area. This study provides a new detailed geomorphological analysis of
the glaciated area and a paleoglacial reconstruction.

Despite the low-lying altitude of the Soajo mountain, it reveals an important geodiver-
sity of glaciogenic landforms. The glacial dynamics of these ancient glaciers were highly
sensitive to climate change due to their low altitude. It is essential to comprehend that the
mountain glaciers of the Serra do Soajo attained an unusual size despite their low altitude,
and they would have easily retreated with small climatic fluctuations.

According to the numerical glacial models of both the Soajo and Branda da Gémea
paleoglaciers, the calculated values define the former paleoglaciers’ ice thickness and
volume for the GME in Serra do Soajo, which had radial and dendritic glacial flow.

The Soajo paleoglacier reached a maximum thickness of 173 m, while Branda da
Gémea reached a maximum thickness of 110 m based on GME ice thickness outputs. The
calculated volumes of the paleoglaciers Soajo and Branda da Gémea are 881.2 hm3 and
24.3 hm3, respectively. The calculated ELA values correspond well with the lateral moraine
ridges, and the ELA altitudes for the Soajo paleoglacier and Branda da Gémea are 1085 m
and 1057 m, respectively. These former ELAs intersect the GME-related lateral moraines
deposited in glaciated valleys, thereby separating glacial accumulation and ablation zones
with relative ease.

During fieldwork, it emerged that anthropic pressure is a persistent and widespread
threat to the preservation of glacial landforms and deposits, particularly in locations such
as Branda de Santo António, Senhora da Guia, Branda da Aveleira, and Ramisquedo. Due
to their scientific significance for geo-patrimonial recognition and classification, as well
as for educational and cultural objectives, many of the locations mentioned in this study
require geoconservation measures.

Supplementary Materials: The following links are an open-source way to obtain the toolboxes
used in this study, as well documentation and videos related to both of them. Link (1): GlaRe
toolbox (https://www.abdn.ac.uk/geosciences/departments/geography-environment/outcomes-
442.php, accessed on 1 May 2021, GlaRe toolbox tutorial (https://www.youtube.com/watch?v=
TOtNesIbm1M, accessed on 4 May 2021). Link (2): ELA calculation toolbox (https://github.com/
cageo/Pellitero-2015, accessed on 10 December 2020), ELA calculation toolbox tutorial (https://www.
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