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ABSTRACT

The Courel Mountains Geopark is in Galicia, Northwest Spain. Its total area is 578.29 km?.
Parallel valleys and ridges characterize its relief from North to South. Their maximum
altitude reaches 1,641 m. Their lithology is dominated by slates, quartzites, and limestones,
together with small diabase outcrops. Materials are intensely fractured due to the tectonic
dynamics that started during the Cenozoic, and sedimentary formations accumulated in
response to environmental changes during the Pleistocene are abundant. As a result, a wide
variety of structural landforms are present, along with a wide range of landforms and
deposits of alluvial, fluvial, glacial, and periglacial origin. All of them have been mapped to
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enable sustainable use and management aimed at improving the livelihood of the
inhabitants of the geopark area, which has suffered depopulation in recent decades.

KEY POLICY HIGHLIGHTS

e Courel Mountains Unesco Global
geomorphological diversity.

Geopark stands

out for its geological and

o This sector shows evidence of different structural geoforms (alluvial, fluvial, glacier, and

periglacial origin).

o Geomorphological cartography graphically draws the most outstanding deposits and

geoforms.

1. Introduction

The Courel Mountains UNESCO Global Geopark is
in Galicia, northwest of the Iberian Peninsula, and is
delimited by coordinates 42.715°N-42.32°N and
7.023°W-7.42°W (Figure 1). Its total area is 578.29
km?, and, as of 2019, 5178 people inhabited its ter-
ritory. Topographically, it is characterized by valleys
and ridges running from North to South. Their
maximum altitude reaches 1,641 m. The mean
annual precipitation is 1,277 mm, and the mean
annual temperature is 8.1°C. The marked contrasts
observed between valleys and ridges cannot be quan-
tified due to the small number of meteorological
stations in the area. Biogeographically, it is a zone
of transition between the Atlantic and Mediterra-
nean regions.

Despite its small size, the geopark has unique fea-
tures. These include Variscan folds such as those of
Campodola or Castrodares, the excellent visibility of

glacial deposits that indicate the importance of ice at
elevations below 1600 m, or the presence of periglacial
macroclast  deposits  indicating  phases  with
permafrost.

In addition to the elements associated with the cold
periods, there are forms and deposits of fluvial origin.
There are stepped terraces that can be differentiated
and alluvial deposits that contribute significantly to
the analysis of paleoenvironmental evolution. It is
necessary to add the presence of karstic forms, exclu-
sive in the northwest of the Iberian Peninsula. In O
Courel, exokarstic forms are abundant, such as dolines
and also the endokarstic geoforms, with more than 40
caves located.

The main objective of this research was to map the
outstanding features present in the geopark by com-
bining points, lines, and polygons in a GIS.

This aims to help the sustainable planning and
management of resources to promote sustainable
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Figure 1. Location of the Courel Mountains Unesco Global Geopark at a) continental scale, b) regional level, and c) detail area. Red
polygons indicate the map extension of b) and c) in a) and ¢), respectively.

rural development of the area based on creating disse-
mination resources and helps to promote the main
landforms of this site, which has suffered a demo-
graphic decline in recent decades.

2, Geological settings

The structural forms, which generate the main relief
patterns, result from millennia of geological evolution.
Over the last 40 years, numerous studies have analyzed
the lithological composition and geotectonic features
of this sector, some of which are mentioned below:
Matte (1968), Parga (1969), Dozy (1983), Martinez-
Catalan et al. (1992), Fernandez et al. (2007), Mar-
tin-Gonzalez et al. (2014), or Villar Alonso et al.
(2018).

Currently, in the lithological context, slates, quart-
zites, and limestones dominate the area, along with
small diabase outcrops (Figure 2). Slates are the pri-
mary lithology in the geopark’s territory, either uni-
formly or associated with other rock types such as
sandstones, limestones, and dolomites. They deter-
mine the steep profile of many slopes. Quartzites dom-
inate the whole area, forming parallel stripes of
varying widths running from West to East. Rocky
scarps evidence their importance in the terrain, such
as those associated with the great recumbent fold of

Campodola-Leixazds (Figure 3-a) or those appearing
on the beds of many water courses and leading to
the existence of many rapids and waterfalls (Figure
3-c). Limestones, in turn, are present mainly in the
northern section of the Geopark. They are associated
with endokarst landforms, such as caves, and exokarst
ones, such as limestone pavements, dolines (Figure 3-
b), or even long depressions marked by intense dissol-
ution processes.

The intense deformation of the materials must be
related to the Variscan orogeny (Matte, 1968; Marti-
nez-Catalan et al., 2016) and especially to the develop-
ment during the Cenozoic period (Martin-Gonzalez
et al, 2014). It is particularly worth noting the
strike-slip faults that moved the terrain along a general
NNE-SSW direction. On the other hand, other frac-
ture systems with NW-SE or W-E orientations can
be observed; these systems fragmented the terrain
and delimited a large set of elliptic (sigmoid) boulders,
which determine the general appearance of many sec-
tions of the territory. The river network is highly con-
ditioned by this system of discontinuities that define
the master lines of valleys, but it is also uniquely deter-
mined by lithology. In this case, limestones introduce
an essential aspect, promoting, on the one hand, the
generation of sinkholes and, on the other, the presence
of outcrops. To summarize, it could be said that
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Lithology

Faults and fractures

Luarca slates

Céndana slates

Slates, sandstones, carbonated levels and ampelites

Slates, limestones and dolomites

Slates, schists, sandstones and amphibole gneisses (Villalba series)
Slates or shales (Los Montes layers)

Schists, phyllites or graphitic/ampellitic slates

Quartzites, shales, sandstones and siltstones (de los Cabos series)
Quartzites and slates (Eo upper layers)

Quartzites, shales and slates (Canadana's lower quartzites)

Greywacke, slates and conglomerates (San Clodio and San Vitero series)

q
L

Limestones and dolomites (Fm Vegadeo)
Limestones and dolomites (Aquiana limestones)

Limestones and shales. Pefialba limestones in the Courel syncline (Fm. Cercadillo)

Gneiss

Granitic and granodioritic porphyries
Biotitic granitoids

Mafic dikes

Basic rocks (gabbros, diabases, ophites)

1111

Clays, sands, silts and cobbles
Terrace deposits
Till

Periglacial deposits

NS

Water bodies

Figure 2. Lithological map of the Courel Mountains Unesco Global Geopark. It was modified from the IGME geological map, adapt-
ing the legend to identify each categorie. Source: Xunta de Galicia — IGME.

Figure 3. a) Rocky scarps developed over quartzite in Campodola-Leixazds; b) Doline in Seixo; c) Rocky riverbed on quartzite in the

Selmo River (photography ceded by Ramon Vila).
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tectonics has determined the main relief lines, while
the different types of rock have defined the small-
scale design of the slopes.

3. Data and methodology

Different data sources were used to build geomorpho-
logical maps, as summarized in Table 1. ArcGIS Pro
3.1.0 (licensed to the USC) was used to manage
these data, extract layers of information, and generate
new ones. Due to the importance of landforms and
deposits of alluvial, fluvial, glacial, and periglacial ori-
gin within the geopark, 2-m resolution digital terrain
models and digital surface models were generated,
on which orthophotographs were overlaid to design
the different layers (Figure 4). Fieldwork was essential
to analyze and describe the different outcrops, as well
as to accurately locate cave entrances, small sectors
with limestone pavements (Karren), and waterfalls.
For this purpose, an S7-Stonex GPS with sub-meter
resolution was used.

Polygons or lines were used whenever landforms
and deposits were observable and could be mapped
at the map scale 1:100. These features include slopes,
alluvial, fluvial, or periglacial deposits, rocky scarps,
glacier heads and cirques, and moraine crests. Conver-
sely, points were used for those occupying smaller
areas, e.g. dolines, cave entrances, waterfalls, or
springs. This was done to ensure that the map was
as legible and understandable as possible. In almost
all cases, the geomorphological mapping legend of
the University of Lausanne was used for the main
map and the following figures (Lambiel et al., 2013).
In the case of the base map, this is a slope-shaded
DEM that helps the reader to understand the valleys
distribution and the internal variations in the geopark
area (Kose et al, 2022). The slope -categories’
definition is marked by the experience in the Galician
territory and the recommendations of different

institutions as FAO, about the soil description and
to create a small number of levels for a better map
interpretation.

The main map of this project was created to print in
A0 size to visualize the landforms better and avoid
problems related to the excess of information. Using
the A0 format, the map scale is 1:42,000.

4, Results

The map of the singularity geomorphological features
of the Courel Mountains Geopark at scale 1:42,000
includes 25 different features (between landforms
and deposits). These features were divided into four
morphogenetic systems: glacial landforms, periglacial
landforms, karst landforms, alluvial and fluvial land-
forms, and anthropogenic elements. This work allows
identifying the distribution of the main landforms and
helps to increase the dissemination possibilities of the
geopark outstanding features for tourists and
Scientifics.

4.1. Alluvial and fluvial landforms

The result of interactions among water, climate, and
tectonic dynamics is reflected in three aspects: the gen-
esis of alluvial fans, associated with dry climatic con-
ditions and with episodic, torrential water courses;
the formation of different terraced levels in the Sil,
Quiroga, and Lor river valleys; and, finally, the exist-
ence of a wide abandoned meander loop above the
current course of the Lor River.

Both the terraces and the abandoned meander sup-
port the existence of recent neotectonics, active from
the Cenozoic and persisting-albeit mitigated- in the
present day, having been described in the southeast
of Galicia by Pérez-Alberti (1993) and later confirmed
by the research performed by (De Vicente & Vegas,
2009; De Vicente et al., 2011) at a wider scale in the

Table 1. Datasets and their main characteristics: a) Instituto Geogréfico Nacional; b) Instituto do Territorio, Xunta de Galicia; c)
Ministerio de Transicién Ecoldgica; d) Instituto Geoldgico y Minero de Espaiia. Goal codes: 1) Mapping dolines, springs, waterfalls,
and rock scarps; 2) Toponomy and reservoirs; 3) Generation of DSMs (Digital Surface Models) and DTM (Digital Terrain Model); 4)
Locality names; 5) Mapping River courses; 6) Mapping the main summits; 7) Creation of lithological maps; 8) New information
generated from field surveys with georeferencing work and remote sensing analysis.

Information Source Date Resolution/Scale Format Goal
Orthophotograph IGN, 2011 and 2017 0.25m Raster 1
National Topographic Map IGN, 2017 25K Vectorial 2
LiDAR data IGN, 2010 2%x2km LAS 3
Localities IET,, 2014 25K Vectorial 4
Rivers and springs MTE, 2018 25K Vectorial 5
Summits IET,, 2014 25K Vectorial 6
Geological Map IGME4 2009 50 K Vectorial 7
Rock scarps This study 2019-2022 05K Vectorial 8
Fluvial landforms and deposits This study 2019-2022 05K Vectorial 8
Alluvial landforms and deposits This study 2019-2022 05K Vectorial 8
Glacial landforms and deposits This study 2019-2022 05K Vectorial 8
Periglacial deposits This study 2019-2022 0.5K Vectorial 8
Karst landforms This study 2019-2022 05K Vectorial 8
Current and ancient mines This study 2019-2022 0.5K Vectorial 8
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Figure 4. Example of mapped moraine ridges at the Lucenza lake sector.

northwest of the Iberian Peninsula and by Pérez-
Alberti et al. (2013) in the Mifio River, located west
of the geopark. In turn, a series of climatic changes
in the late Plio-Quaternary, characterized by the pre-
dominance of a drier climate with episodic precipi-
tation (Pérez-Alberti, 1993), promoted the formation
of alluvial fans that fossilized the lower river terraces
in different sectors. Outcrops are best observed in
the vicinity of Quiroga and San Clodio. Recent studies
show several sedimentary units preserved in the tec-
tonic depressions of Quiroga-San Clodio: two succes-
sive all stratigraphic units of arkoses; two successive
units of alluvial fan deposits (AF1-2); an uppermost
unit of core heterometric alluvial fan deposits; and a
staircase of fluvial terraces (four identified levels: T1-
T4) produced during the later stage of fluvial incision
(Cunha & Pérez-Alberti, 2022).

Terraces are composed of rounded pebbles, mainly
quartzite, clean, clast-supported, and without a fine
matrix, suggesting their transport by a permanent
water course (Figure 5-a). Vertical changes in pebble
size indicate modifications in river transport energy.
Over them, silt—clay sediments can occasionally be
found; these are likely to be deposited in marginal
areas sporadically reached by flood water. Alluvial
fans (Figure 5-b) are dominated by fine, silt—clay
materials, among which angular and sub-angular
clasts appear, mainly composed of slate and

transported by episodic, torrential water courses that
are intermittently active. Both deposits show reddish

Figure 5. a) Terrace deposits in Quiroga; and b) alluvial depos-
its close to San Clodio.
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colors, suggestive of iron oxidation/reduction

processes.

4.2. Glacial landforms and deposits

The first observations of the existence of glacial
phenomena in the Courel mountain range date
back to Stickel (1928). Their presence has later
been mentioned by Aira-Rodriguez (1986); Aira-
Rodriguez and Guitian Ojea (1986); Guitian Ojea
et al. (1985); Guitidn Rivera et al. (1985); Hérail
(1984); Lautensach (1964); Nussbaum and Gygax
(1953); Vidal-Romani (1989); Vidal-Romani et al.
(1991); Rodriguez Guitian et al. (1995); Pérez-Alberti
and Valcéarcel-Diaz (2006, 2022); and Pérez-Alberti
(2018, 2021). Former glacier tongues (Figure 6) cov-
ered up to 4,000 ha, and sediments of glacial origin
covered at least 1,000 ha. Data from the different gla-
ciers are summarized in Table 2, where appears
between other information, the length of these gla-
ciers, their thickness, or the elevation of the Equili-
brium-Line Altitude (ELA).

4.2.1. Paderne glacier

The glacier of the Paderne basin starts at an altitude
of 1309 m and ends at an altitude of around 900
m. It would have reached 1.5 km in length, and
the ice thickness would have been about 60
m. Two northward-facing cirques would have sur-
rounded the head.

4.2.2. A Rogueira glacier

While A Rogueira glacier aspect is clearly suggestive of
a glacial origin, sedimentologic evidence is scarce. Its
head is shaped like a wide amphitheater at an altitude
of 1639 m. Adjacent to it is a small northward-facing
cirque. Landforms of glacial origin can be best
observed, and deposits are most abundant in the wes-
tern sector of the valley. The glacier would have
reached 2.6 km in length and would have stretched
down to an altitude of around 850 m. Ice thickness
could not be determined due to the lack of informative
moraine crests.

4.2.3. Ferreirés glacier

The altitude of Ferreirds glacier would have been 1589
m at its head and around 760 m at its toe, and at least
two well-defined moraine arcs are found at 1500 and
1400 m. Below them, three more are located between
945 and 970 m. The glacier would have reached 2.5
km in length and 60-65 m in thickness.

4.2.4. Folgoso glacier

The glacier of Folgoso started to form at 1617 m and
descended northward to an altitude of around 1000
m. Its length would have reached 1.7 km. Five visible
moraine arcs have been distinguished in the western

and eastern sectors, between 1300 and 1100 m. Ice
depth would have been between 50 and 80 m.

The best visible till outcrop shows a level composed
of slate, quartz, and diabase pebbles embedded in a
silt/clay matrix. These are massive matrix-supported
or clast-supported materials. Rounded or sub-
rounded diabase pebbles are relatively frequent.

4.2.5. Visuna glacier

Visuiia sector is a complex glacier with small deposits.
In its head, located at 1639 m, the valley shows a
characteristic glacial shape. Conversely, no moraine
systems are found, while its middle and low elevation
sections maintain the glacial shape. Although with
caution, it could be said that the glacier could have
been 4.3 km long, while its toe would have been at
an altitude of around 1000 meters and include the
higher ELA value, around 1056 m, like the Folgoso
glacier, with 1046 m.

4.2.6. A Seara glacier

A Seara is the most particular glacier in the Courel
mountains. It would have started at 1641 m and com-
posed, in their head, three glaciers, converging down-
stream at 950 m. Its length would have been 4.8 km,
and the maximum ice thickness would have been
130 m.

Two moraine complexes can be distinguished. The
first one, located in the lower section and above the
village of A Seara, is composed of two parallel arcs
between 1013 and 1065 m of altitude, while the second
one is located at the head of the valley. Eight arcs pro-
gressively ascending towards the summits have been
mapped in the latter. The lower arcs enclose the valley
and help to the formation of the Lucenza lake.

The outcrops in the lower complex show matrix- or
clast-supported sediments composed of a mix of slate,
quartz, and diabase clasts (Figure 7). They are sub-
rounded to rounded clasts locally embedded in a
silt/clay matrix. The head lacks any outcrops that
allow observing its sedimentological features. How-
ever, visible clasts are either angular or slightly
rounded.

4.2.7. Palleiros glacier

Palleiros glacier is one of the smallest glaciers in the
Courel mountain range. Its head would have been
located at an altitude of 1485 m and its toe at 1080
m. It would have been 1.2 km long, and the estimated
thickness would have reached 65 m.

4.2.8. Vilarbacu glacier

The glacier of Vilarbact would have started at 1610 m
and was composed of three tongues. Jointly, they
would have reached an altitude of 966 m. At its maxi-
mum advance, it could have reached a length of 2.5 km
and a thickness of 130 m. Along its course, it deposited
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Figure 6. Location of the identified glaciers on the Courel Mountains Unesco Global Geopark and the prominent glacial landforms.

three-tiered moraine systems. The first one, visible 1200 m. A third one can be found at higher altitudes,
near the village of Vilarbacut, is between 1070 and  composed of three moraines located at 1120, 1225, and
1100 m. The second one is found between 1100 and 1280 m.

Table 2. Summary of main characteristics of the Courel glaciers.

Maximum altitude of Length The thickness of the ice The altitude of the Significant

Glacier glacier head (m) (km) sheet (m) ablation zone (m) landforms Deposits ~ ELA

Paderne 1455 15 60 900 Crests Till 942
A Rogueira 1639 2.6 ? 850 Till 995
Ferreirés 1589 2.5 65 760 Crests Till 939
Folgoso 1617 17 50 10007 Crests Till 1046
Visufia 1641 43 60 1000? Till 10567
A Seara 1641 48 130 950 Crests Till 1035
Palleiros 1469 12 65 1080 Crests Till 1019
Vilarbacu 1617 2.5 130 966 Crests Till 1033
Pacios da 1511 ? 60?7 8007 924?

Serra
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4.2.9. Pacios da Serra glacier

The existing mine complicates the reconstruction of
the development of glaciers in this area. The analysis
of an aerial photograph taken before its establishment
allowed for generating an approximate map, although
with certain reservations. The glacier head would have
been at an altitude of 1511 m and the toe at 800 m. Ice
thickness would have reached approximately 60 m,
and the analysis defined the ELA as around 924 m.

4.3. Periglacial landforms and deposits

The main landforms of periglacial origin present in
the Courel Mountains are stratified slope deposits
and block fields and slopes, which, where channeled,
led to the formation of boulder streams (Pérez-Alberti
& Cunha, 2016; Pérez-Alberti et al., 2013, 2021).

4.3.1. Stratified slope deposits

In sedimentary terms, they are characteristically com-
posed of angular fragments mixed with fine elements
(Figure 8-a, b). They show marked stratification,
with alternating layers of different thicknesses. They
are present in sectors dominated by intensely frac-
tured slates, promoting their fragmentation by
freeze/thaw cycles and their mobilization due to
other processes (Pérez-Alberti, 2012).

4.3.2. Block fields and slopes
Block fields and slopes occupy the highest sections of
the geopark and are associated with quartzites. In

Figure 7. a) subglacial till in A Seara; and b) glacial striations
on a boulder in A Seara moraine.

some places, clasts show signs of imbrication among
boulders, suggesting a downhill motion promoted by
the existence of interstitial ice. Boulder streams over
400 m long and over 100 m wide have formed in
some troughs, such as the one located over the village
of Vilarbacu (Figure 8-c, d). In this case, the outcrop
comprises large boulders reaching heights over 2 m
along their central axis.

4.3.3. Timeframe of glacial processes

The oldest dating record of glacial deposits was
obtained from a coal sample collected at the foot of
a stratified slope deposit near the A Toca Roman
mine. Its estimate dates it at over 44,000 years BP
(Pérez-Alberti et al., 2009). Other dating records
from lake sediments collected in the Lucenza lagoon
yielded ages between 20,000 and 15,000 BP (Muioz
Sobrino et al., 2001).

The information mentioned above suggests (Oliva
et al., 2019) that a cold climate started to predominate
in the Courel Mountains over 44,000 years ago. About
the geoforms, this could explain the presence of gla-
ciers and stratified slope deposits in this sector, and
different analyses identified the start of deglaciation
around 20,000 years ago, when glaciers occupied the
heads of the valleys. At that moment, the conditions
would have been colder than in the previous phase,
thus leading to the formation of block fields (Viana-
Soto & Pérez-Alberti, 2019).

4.4. Anthropogenic impacts

Human activity in the Courel mountain range dates
back to ancient times, mainly since the arrival of the

Figure 8. Periglacial deposits: stratified slope deposits a) in Rio
Pequeno valley and b) in Soldon valley; c) block stream in Os
Pedregoes, Vilarbacu valley; and d) block stream detail in Os
Pedregoes.



Romans in the 1st century B.C. Mining activity devel-
oped to a great degree (Sdnchez-Palencia Ramos &
Fernandez-Posse, 1998), and its impact is visible in
different locations, especially in the A Toca site, Mon-
tefurado, and Margaride. This activity led to the con-
struction of settlements and hillforts (Luzén Nogué
et al., 1980). In later years, iron ore mining constituted
an important activity up until the late nineteenth cen-
tury (Balboa de Paz, 2014). More recently, slate quar-
ries have been established.

5. Conclusions

(a) Lithological diversity within the Courel Moun-
tains Geopark led to a wide range of landforms.
Some of these landforms are excellent examples
for teaching geomorphology and attracting
tourists.

(b) The main map of this research would be a useful
tool to design geomorphological routes and
improve the promotion of the geopark.

(c) Cartography has allowed us to identify nine gla-
cial cirques and other glacial landforms that indi-
cate the evolution of Courel Mountains.

(d) Pastand present river dynamics generated various
landforms and deposits.

(e) The former presence of glaciers at low altitudes
makes the Courel Mountains a site of great inter-
est in paleoenvironmental terms. The same is
applicable in the case of periglacial deposits and
karstic landforms, which are very scarce in the
northwest Iberian Peninsula.

(f) The presence of karstic forms in this sector is a
great attraction for visitors for their singularity
in a context dominated primarily by granites
and metamorphic rocks.

Software

The map and figures cartography were produced on
Esri ArcGIS Pro 3.1.0. In the figures, the final editing
was carried out using Inkscape 1.2. An AO size is rec-
ommended for map printing.
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