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Abstract

Low-altitude palaeoglaciation in Atlantic mountain regions provides important insights
into past climatic conditions and moisture dynamics during the Last Glacial Cycle. This
study presents the first quantitative reconstruction of palaeoglaciers in Serra da Cabreira
(northwest Portugal), a mid-altitude granite massif located along the Atlantic fringe of
the Iberian Peninsula. Detailed geomorphological mapping (1:14,000) and field surveys
identified 48 glacial and periglacial landforms, enabling reconstruction of two small val-
ley glaciers in the Gavides and Azevedas valleys using GlaRe numerical modelling. The
spatial distribution of palaeoglacial landforms shows a pronounced west-east asymmetry:
periglacial features prevail on wind-exposed west-facing slopes, whereas glacial erosion
and depositional landforms characterise the more protected east-facing valleys. The re-
constructed glaciers covered 0.24-0.98 km?2, with maximum ice thicknesses of 72-89 m.
Equilibrium-line altitudes were estimated using AABR, AAR, and MELM methods, yield-
ing consistent palaeo-ELA values of ~1020-1080 m. These results indicate temperature
depressions of ~6-10 °C and enhanced winter precipitation associated with humid, Atlantic-
dominated conditions. Comparison with regional ELA datasets situates Cabreira within
a clear Atlantic—continentality gradient across northwest Iberia, aligning with other low-
altitude maritime palaeoglaciers in the northwest Iberian mountains. The findings highlight
the strong influence of the orographic barrier position, moisture availability, valley hyp-
sometry, and structural controls in sustaining small, climatically sensitive glaciers at low
elevations. Serra da Cabreira thus provides a key reference for understanding Last Glacial
Cycle palaeoclimatic variability along the Western Iberian margin.

Keywords: GIS; palaeoglacial reconstruction; palaeo-ELA; palaeoclimate; Iberian Peninsula;
Last Glacial Cycle; pleistocene

1. Introduction

Across mid-latitude mountain environments, palaeoglacial landforms preserve es-
sential evidence of past climate variability and, at the same time, represent valuable
geo-heritage features [1,2]. Beyond their heritage value, glacial landforms enable the recon-
struction of former glaciers and the derivation of quantitative palaeoclimatic proxies [3-7].
Among these, the equilibrium-line altitude (ELA) is a key indicator of glacier mass bal-
ance and a robust proxy for palaeotemperature and palaeoprecipitation gradients [8-10].
Moreover, determining the timing and extent of palaeoglaciations improves regional and
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global interpretations of past atmospheric circulation patterns through the spatial analysis
of former glacier distributions [1,2,11-14].

In the Iberian Peninsula, palaeoclimatic research has traditionally focused on moun-
tains below 2000 m [15], where extensive ice masses during the Last Glacial Cycle
(LGC) reshaped valley morphology and left a pronounced imprint on present-day
landscapes [16-21]. While topographic factors such as elevation, aspect, and valley-floor
elevations influenced glacier development, moisture availability was often the principal
control on glacier formation and preservation in low-altitude ranges [22-25].

Modern precipitation patterns confirm the strong W-E and N-S moisture supply
affecting the northwestern Iberian mountains, where the North Atlantic Oscillation (NAO)
exerts a major influence, intensified by proximity to the Atlantic Ocean and the exposure
of these massifs to westerly flows [24,26]. During the LGC, the NAO configuration likely
differed from the present, with a predominantly negative NAO-like pattern enhancing the
advection of westerly moisture into southwestern Europe [27]. Such conditions would
have favoured the growth of low-altitude glaciers with steep mass-balance gradients in
Atlantic-facing ranges, pointing to a humid and climate-sensitive glaciation [19,28].

Low-altitude palaeoglaciers are critical for constraining the spatial variability of glacia-
tion in Iberia [15,29], and the northwest Portugal mountains, which are located at the
interface between Atlantic moisture sources and mid-latitude westerlies, were found to
be highly sensitive to minor climatic shifts [30]. Their study allows testing whether topo-
graphic factors and continentality impact could compensate for limited altitude of relief [1].
These systems thus provide insights into glacier—climate transfer functions at mid-latitudes
and refine palaeoclimatic observations for western Europe [15].

Despite their importance, quantitative palaeoglacial reconstructions remain scarce
for low-altitude systems in northwest Portugal, particularly concerning palaeoglacier
extent, palaeo-ELA estimates, and absolute chronologies [31-34]. Although previous
work in Peneda—Gerés National Park (PNPG) has produced geomorphological maps,
sedimentological analyses, and limited dating records [32-36], comparable studies in
surrounding massifs, such as Serra da Peneda, Amarela, and Cabreira, likewise focus
mainly on geomorphological and sedimentological descriptions [31,35,37-39]. How-
ever, these mountain systems still lack a coherent quantitative and chronological frame-
work, and their broader palaeoclimatic significance within northwest Iberia remains
poorly understood.

Serra da Cabreira (1262 m a.s.l.) is one of the few low-altitude massifs on the Atlantic
fringe of northwest Portugal that preserves well-developed glacial landforms. Earlier
studies mapped its glacial and periglacial features, particularly in the Gavides Valley, and
documented fracture-controlled granitic landforms [30,40—42]. More recent studies anal-
ysed moraine ridges and fluvioglacial fans using till-macrofabric and sedimentological
approaches [39]. However, no quantitative palaeoglacier reconstruction has yet been under-
taken for Serra da Cabreira, and its palaeo-ELA and associated palaeoclimatic implications
remain unknown. Additionally, the integration of this massif into a regional palaeoclimatic
framework is therefore crucial for understanding the dynamics of low-altitude glaciation
across northwestern Iberia.

Considering this geomorphological setting, the present study develops the first quan-
titative palaeoglacier reconstruction for Serra da Cabreira. Our analysis is based on a
detailed geomorphological map (1:14,000 scale), validated at 48 field sites containing key
palaeoglacial landforms. The objectives are to: (I) refine the existing geomorphological
map using new field observations and morphometric analyses; (II) reconstruct the former
glaciers and derive palaeo-ELA values for the Gavides and Azevedas valleys using the
Altitude—Area Balance Ratio (AABR) and Accumulation Area Ratio (AAR) methods; and
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(III) compare the resulting palaeo-ELA values with those from other NW Iberian mountain
ranges to integrate Serra da Cabreira into a regional palaeoclimatic context and clarify the
dynamics of low-altitude glaciation across northwestern Iberia.

Study Area

Northwest Iberia inland relief consists of a chain of mid-altitude massifs aligned
SW-NE, broadly parallel to the Atlantic coast (Figure 1a). On the Spanish side, the Xistral
(1055 m), Los Ancares (1967 m), Cebreiro (1470 m), Courel (1643 m) and Manzaneda (1784 m)
massifs separate the Mifio basin from the Sil basin [43,44]. Further east, the Trevinca (2127 m)
and the Teleno (2188 m) ranges host the highest summits of the region [45] (Figure 1a).
South of the border, the Portuguese mountains—Castro Laboreiro (994 m), Serra da Peneda
(1416 m), Serra Amarela (1361 m), Serra do Gerés-Xurés (1523 m) and Serra da Cabreira
(1262 m)—form a near-coastal orographic barrier that strongly influences atmospheric
circulation and moisture delivery [24,31] (Figure 1b).
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Figure 1. Regional mountain framework of the northwest Iberia: (a) Major mountain ranges of the
Iberian Peninsula and northwest Iberian mountains; (b) Northwest Portugal mountains.

The mountains of northwest Portugal are predominantly composed of fine- to coarse-
grained granitic lithologies, which promote the development of characteristic granite
landscapes including small highlands, plateaus, and structurally controlled elevated sur-
faces [46]. This lithological and geological setting is fundamental for understanding the
formation and preservation of glacial accumulation landforms in the region [31]. Granite
fabrics and fracture networks exert a strong control on landscape evolution, as pre-glacial
freeze-thaw processes exploited these structural weaknesses, enhancing bedrock disinte-
gration and facilitating subsequent glacial erosion [31].

The massif chain experiences a warm-summer Mediterranean climate (Csb), with
mean annual temperatures of 5 °C to 10 °C and annual precipitation between 2500 mm and
3500 mm [47-50]. These regional estimates are consistent with observations from a udomet-
ric station located at 830 m near Serra da Cabreira, which records a mean annual precipita-
tion of 2728 mm for the period 1950-2001 (https://snirh.apambiente.pt/index.php?idRef=
MTIyMw==&FILTRA_BACIA=107&FILTRA_COVER=920123704&FILTRA_SITE=92068597
4, accessed 11 November 2025).
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Proximity to the Atlantic Ocean and the predominant SW-NE orientation of the
ranges enhance orographic uplift of westerly air masses, intensifying precipitation on the
windward slopes [51]. The massif exhibits a pronounced west—east climatic asymmetry:
windward slopes are wetter and receive greater solar exposure, whereas leeward valleys
are cooler, more shaded, and substantially drier. Such conditions favoured prolonged snow
retention and promoted sheltered glaciation during the LGC [30].

Within this SW-NE-oriented orographic barrier, plateau-dominated massifs such
as Peneda—Gerés contrast with the more dissected highlands of Cabreira and Amarela.
These distinct geomorphological configurations strongly conditioned the extent, style, and
preservation of Quaternary glaciations in northwest Portugal (Figure 1b) [31,33,52].

Serra da Cabreira (1262 m a.s.l.) forms the southernmost sector of the Portuguese
orographic barrier (Figure 2a). The mountain rises from ~800 m to a series of summits
including Cha das Lousas (1235 m), Fragas do Tremonha (1201 m), Toco (1156 m) and Cha
do Prado (1185 m) (Figure 2a). A high-level surface between 1000 and 1260 m caps the
range, while mid-slope planation surfaces are preserved between 750 and 950 m (Figure 2b).
The massif is underlain by granite bedrock dissected by orthogonal SW-NE and NW-SE
fault systems, which exert strong structural control on valley orientation, slope morphology,
and the development of flat-topped highs and granitic domes (Figure 2b). These structures
also promote the occurrence of pseudostratified outcrops and a deeply incised Quaternary
drainage network, landscape features typical of northwest Portugal [30,40-42].
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Figure 2. Geological context of Serra da Cabreira: (a) Lithological map of the study area showing the
orthogonal fault systems; glaciated areas are predominantly located in medium- to coarse-grained
granite; (b) Cross-section profile illustrating the mid-slope planation surfaces and the small highlands
between 1100 to 1260 m.

2. Materials and Methods

Remote sensing and spatial datasets were used to identify the most prominent glacial
and periglacial landforms across Serra da Cabreira. A 10 m digital elevation model (DEM),
resampled to 5 m, supported the geomorphological analysis and facilitated the interpre-
tation of distinctive landform morphologies. Orthorectified aerial imagery from the Na-
tional Geographic Information System (SNIG; https:/ /snig.dgterritorio.gov.pt/, accessed
1 September 2024) for the years 2004, 2006, and 2018, with spatial resolutions of 1 m and
25 cm, was employed to refine landform mapping and assess surface characteristics. Geo-
logical context was derived from the National Geological Charts (Sheets 06-A and 06-C) pro-
vided by the National Laboratory for Energy and Geology (https://geoportal.lneg.pt/pt/,
accessed 1 September 2024).
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Fieldwork was carried out between 2021 and 2023. Geomorphological features were
georeferenced using the Survey123 mobile application (https:/ /survey123.arcgis.com/,
accessed 20 October 2024), resulting in a dataset of 48 georeferenced observation points
with associated photographic records. These field observations provided an essential layer
of validation for the cartographic mapping. Unmanned Aerial Vehicle (UAV) photographs
were obtained using a Mavic 2 Pro (23 November 2022).

2.1. Geomorphological Mapping

A geomorphological map at 1:14,000 scale was produced using the geomorphological
legend and geodatabase of the University of Lausanne, based on the CNRS RCP 77 sys-
tem (https:/ /www.unil.ch/igd/fr/home/menuinst/recherche/marges-environnement-
paysages/la-legende-geomorphologique-de-lunil.html, accessed 23 October 2024) [53,54].
Landforms associated with glacial, periglacial, fluvioglacial, alluvial, and fluvial processes
were mapped. The initial map was compiled in ArcGIS Pro 2.5 and subsequently refined
and cartographically enhanced in Adobe Illustrator 2019.

To produce the geomorphological map of Serra da Cabreira (Figure 3), datasets from
previous studies were integrated were integrated with systematic field surveys [30,40,41].
These field observations were used to verify and refine landform interpretations, sup-
ported by a point shapefile containing the 48 georeferenced field records and associated
photographs. The dataset served as a validation and completion layer during the final
cartographic editing.
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Figure 3. Geomorphological map of Serra da Cabreira, showing the spatial distribution of the
topographic, fluvial, glacial, periglacial and anthropogenic landforms, and illustrating their geomor-
phological relationships and interactions.
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2.2. Palaeoglacial Modelling

For the palaeoglacial reconstruction, latero-frontal moraines marking the maximum
glacier extent were used as geomorphological indicators of former glacier limits [55-57].
The reconstructed models for the Gavides and Azevedas valleys were developed using the
Glacier Reconstruction (GlaRe) toolbox (https://github.com/cageo/Pellitero-2015?tab=
readme-ov-file, accessed on 10 May 2023) [57]. The GlaRe toolbox incorporates several
key variables, including basal shear stress values, which provide valuable insights into
different glacier types [58,59]. The implemented model in GlaRe applies the ice rheology
theory to estimate ice thickness based on basal shear stress, glacial boundaries, and the

topographic context [57,60]:
T AX

Fiog H;

hit1 = hi + 1)
“...where h is ice surface elevation, Tay is basal shear stress (in Pa), F is a shape factor, p is ice
density (~900 kg m=3), g is the acceleration due to gravity (9.81 ms—2), Ax is step length (in
metres), H is ice thickness (in metres), and i refers to the iteration (step) number.” [57].

Glacier reconstructions in GlaRe were based on a manually drawn flowline extending
from the glacier snout to the cirque. Node intervals of 50 m were adopted, as smaller
equidistance improves reconstruction accuracy [57]. For the glacial cirques of Serra da
Cabreira, a value of 190,000 kPa was applied, as this provides the most realistic results for
cirque-type glaciers [57,58,61,62]. The applied interpolation method was Topo to Raster to
achieve a smooth glaciers surface.

2.3. Palaeo-ELA Calculations

The ELA represents the theoretical elevation at which annual ice accumulation equals
annual ablation. Although a true steady-state ELA is seldom achieved in natural glacier
systems, it remains a key climatic indicator because it reflects the balance between energy
inputs and mass exchange on mountain glaciers [4,63,64].

Variations in accumulation and ablation regimes, driven by climatic conditions and
modulated by topography, are expressed through shifts in the ELA, making it a pow-
erful parameter for understanding glacier—climate interactions [5,9,22,65-71]. Accurate
ELA reconstructions therefore provide a robust means of inferring past temperature and
precipitation regimes and are central to palaeoclimatic interpretations [5,72].

The ELA Calculation Toolbox incorporates several approaches for estimating glacier
palaeo-ELAs, including the Median Glacier Elevation (MGE), Altitude Average (AA), Ac-
cumulation Area Ratio (AAR), and Area—Altitude Balance Ratio (AABR) methods [73]
(https:/ /github.com/cageo/Pellitero-2015, accessed on 10 May 2023). Among these, the
AAR and AABR methods are considered the most robust for palaeoglacial reconstruc-
tions [22,73]. Reconstructed glacier extents and numerical ice-surface models provided the
basis for applying both AAR and AABR to estimate palaeo-ELAs [57,74]. In addition, the
Maximum Elevation of Lateral Moraines (MELM) method was used to facilitate comparison
with previously published studies [75,76].

The AAR method estimates the ELA from the proportion of glacier area situated
above the equilibrium line. Although widely applied, it does not account for variations
in mass balance with altitude and may therefore underestimate the influence of key local
controls such as topography [22,72,73]. In contrast, the AABR method incorporates glacier
hypsometry and the altitudinal distribution of mass balance, explicitly reflecting differences
in accumulation and ablation with elevation [71,73,75,77].

Because it integrates both climatic and topographic controls, the AABR method is
particularly well suited for reconstructing maritime, topographically constrained, or cli-
matically sensitive glaciers where strong precipitation and temperature gradients shape
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ice mass balance. The AABR-based ELA estimates were calculated by combining glacier
hypsometry with the digital terrain model, applying the proposed formulation [72]:

Zac Age
Zab Aab

BR = )
“.. .where: Z,c is the Area-weighted mean altitude of the accumulation area; A, is the Area of
accumulation; Z,y, represents the Area-weighted mean altitude of the ablation area, and A,y is the
Avea of ablation” [73].

AAR estimations for the palaeoglaciers of Serra da Cabreira were calculated using ra-
tios typically applied to cirque- and valley-type glaciers, ranging from 0.40 to 0.65 [64,78,79].
For the AABR method, balance ratios (BR) between 1.5 and 2.1 were used, following values
representative of mid-latitude maritime glaciers [80], while adopting 1.9 as the commonly
applied central value.

Employing these ranges allows assessment of the sensitivity of the ELA estimates
and generates an uncertainty envelope around the optimal statistical values for AAR
(0.60 & 0.05) and AABR (1.9 & 0.81). This approach avoids methodological circularity by
not constraining the reconstruction to a single fixed ratio.

2.4. Regional Palaeo-ELA of the NW Iberian Mountains

The reconstructed palaeo-ELA values provide a basis for interpreting past climatic con-
ditions by converting former glacier equilibrium altitudes into two key palaeoclimatic vari-
ables: temperature depression (AT) and relative palaeoprecipitation (P) [4,9,10,67,81-85].
Both the AABR-based and AAR-based palaeo-ELA reconstructions were used to derive
AT estimates and to infer precipitation patterns linked to the Atlantic moisture regime
during the LGC. These palaeo-ELA-derived climatic parameters serve as geomorphological
proxies of high palaeoclimatic significance.

To broaden the analysis and situate Serra da Cabreira within a representative regional
context, previously published ELA-MELM datasets derived from standardised methodolo-
gies across the Iberian Peninsula were reviewed [15,31,43,44,86]. ELA-MELM values were
examined for the studied massifs to explore the relationships between ELA, continental-
ity, glaciated area, and glacier type, following approaches commonly applied in regional
palaeoglacial analyses across Atlantic and Mediterranean mountain systems [3,15,31,43,86].
The compiled dataset included the MELM-derived ELA altitude, the approximate geo-
graphic coordinates (latitude and longitude) of each reconstructed site, the glacierized area
(km?) associated with each ELA estimate, and the corresponding glacier typology [57,76,80].
The same procedure was applied to the Serra da Cabreira palaeoglaciers to allow direct
comparison with the regional dataset (Supplementary Materials, Table S1).

The shortest distance from each massif to the nearest Atlantic or Cantabrian coastline
was calculated to quantify continentality, expressed as the degree of maritime climatic
influence affecting each glaciated region [3,67]. This parameter was then used to investigate
spatial relationships between ELA altitude, palaeoglaciated area, and glacier morphology
across the NW Iberian mountain systems [43,44].

3. Results
3.1. Landforms Distribution

The geomorphological map (Figure 3), produced at a scale of 1:14,000 and covering an
area of 21 km?, uses distinct colour schemes for each geomorphological process, enhancing
the visibility of morphogenetic contrasts across the landscape. It reveals a well-organised
assemblage of glacial, periglacial, fluvial, and structural landforms developed within a
granite massif shaped by orthogonal fault systems. Glacial features are concentrated in
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the Gavioes and Azevedas valleys, where cirques, till patches, moraine complexes, erratic
blocks, and striated bedrock define two former valley-glacier systems.

The Gavioes Valley preserves the most extensive glacial record, with a succession of
latero-frontal moraine ridges (AM1-AMS6) marking distinct stages of glacier stillstand or
retreat. In contrast, the Azevedas Valley contains a smaller but clearly organised cirque—
valley assemblage with moraine arcs and fluvioglacial deposits sourced from the adjacent
high surfaces of Cha das Lousas and Toco.

Beyond the glacial footprint, periglacial features, including nivation hollows, block-
fields, and blockslope deposits, occur mainly on shaded slopes, reflecting frost-related
processes active around and beyond former glacier margins. Taken together, the spatial
distribution of glacial and periglacial landforms confirms the presence of two low-altitude
palaeoglaciers at Serra da Cabreira and establishes a robust framework to reconstruct their
geometries and derive quantitative palaeo-ELA estimates.

3.2. Geomorphological Survey

Field surveys allowed the identification of 48 glacial and periglacial landforms, includ-
ing palaeoglacial cirques (Soutinho and Gavides), nivation hollows, moraine ridges with
associated till deposits, striated bedrock surfaces, triangulated megablocks of granitic errat-
ics, blockfields, blockslope areas, and fan-shaped depositional features. The characteristic
“bulldozing” effect of advancing ice produced well-defined lateral and frontal moraines,
marked by abundant erratic boulders, many exceeding 1-2 m in diameter, which clearly
delineate the principal glacial depositional zones.

3.2.1. Soutinho Valley

The Soutinho valley preserves a prominent concave cirque and an almost a short
developed U-shaped valley (Figure 4c). However, no lateral or terminal moraines have
been identified to date. This absence is likely explained by intense torrential melt-out and
fluvioglacial reworking, which would have removed or re-distributed primary glacial de-
posits and contributed to the formation of a large fan-shaped deposit at the valley piedmont.
This deposit, associated with debris-flow and supraglacial melt-out processes [39], consists
of unsorted and chaotic granitic clasts, some rounded and exceeding 1 m in diameter,
embedded within a fine-grained, light-brown sediment matrix.

* Gavides glacial cirque

AN

Gavides lateral
moraine (GM2)

Figure 4. Aerial views of the landforms in the Gavides and Soutinho valleys: (a) Glacial cirque at
the headwaters and lateral moraines in the lower section of the Gavides valley; (b) Lateral moraine
edge in the Gaviobes valley; (c) Glacial cirque at the headwaters and fan-shaped deposit in the lower
section of the Soutinho valley, associated with runoff and debris-flow processes (Aerial photographs
acquired on 23 November 2022 with a Mavic 2 Pro UAV).
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Given the lack of geomorphological indicators that constrain former glacier limits
(such as lateral or latero-frontal moraines), the extent of the Soutinho palaeoglacier could
not be reconstructed.

3.2.2. Gavides Valley

The Gaviodes valley is oriented northeastward and is structurally controlled by a
southwest-northeast fracture zone. It contains a well-defined, armchair-shaped glacial
cirque, a characteristic landform produced by intense bedrock glacial erosion [76]
(Figure 4a). Within the valley, two lateral moraine deposits, GM1 and GM2, were identified
at approximately 921 m a.s.l. GMI1 extends for 266 m along the left side of the valley,
whereas GM2, classified as an edge due to its gentle morphological profile, stretches for
427 m along the right side. GM2 is particularly distinctive, marked by large conical granitic
boulders dispersed along the moraine.

3.2.3. Azevedas Valley

Glacial erosion along the Azevedas slope produced a smoothed surface with a gentle,
curved profile and several small granitic platforms interpreted as nivation hollows which
can also be understood as a glacial threshold, acting as local ice-accumulation basins during
inner glacial stages and supporting short, confined glacier tongues (Figure 5a,b).

U Azevedas lateral Azevedas lateral |3
" moraine (AM6) S8 \ moraine (AM5)

Figure 5. Landforms in the Azevedas: (a) Aerial view of a mid-slope nivation hollow; (b) Polished
granitic bedrock surface within the nivation hollow; (c) Aerial view of the lateral and frontal moraine
ridges on the right side of the valley; (d) General aerial view of recessional glacial deposits; (e) Detailed
view of a transverse talus within lateral moraine AM6; (f) Photographic record of a lateral moraine

section exposed during water-extraction works (Aerial photographs acquired on 23 November 2022
with a Mavic 2 Pro UAV).

At the piedmont, a well-developed glacio-depositional field contains abundant erratic
boulders and a series of clearly defined lateral and frontal moraine ridges (Figure 5c). The
main frontal moraine (AFM) forms a south-north-trending ridge approximately 563 m
long, positioned ~240 m downslope from the piedmont at ~945 m a.s.l,, and is classified as
a dump moraine [30,32]. Two lateral moraines (AM1 and AM2) converge with the AFM,
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delineating the maximum glacier extent. AM1 is 114 m long, located at ~1018 m a.s.1.,, and
oriented southeast; AM2 extends 189 m between 1010 and 972 m a.s.l., oriented west—east.
Four additional moraine ridges (AM3-AMS6) occur upslope within the Azevedas glacio-
depositional complex. Notably, AM6—partially exposed during hydrological works—offers
promising potential for future sedimentological analysis (Figure 5e).

3.3. Palaeoglacial Reconstruction

The GlaRe modelling results (Table 1) indicate that during the LGC, the Azevedas
and Gavioes palaeoglaciers corresponded to small valley glaciers with reconstructed areas
of 0.98 km? and 0.24 km?, respectively. Despite its smaller extent, the Gavides glacier
attained a greater maximum ice thickness (89 m) than Azevedas (72 m), although its total
ice volume remained lower (11.4 hm? compared with 38.1 hm?). Reconstructed glacier
lengths from headwall to snout were 1.29 km for Azevedas and 0.90 km for Gavides. The
larger accumulation area and gentler altitudinal gradient of the Azevedas Valley appear
to have favoured ice preservation and reduced ablation, whereas the steeper Gavides
Valley promoted higher ablation rates and a steeper mass-balance gradient (Figure 6a,b). In
both cases, glacier initiation occurred below 1250 m within sheltered north-facing hollows
controlled by the predominant N-S topography of Serra da Cabreira.

Table 1. Global measurements obtained for Serra da Cabreira palaeoglaciers.

Parameters Gavioes Azevedas
Glaciated area (km?) 0.24 0.98
Max. ice thickness (m) 89 72.1
Ice volume (hm?) 114 38.1
Length (headwall-snout) (m) 903 1290
Glacier top (m a.s.l) 1219 1250
Glacier base (m a.s.l) 883 940
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Figure 6. Numerical modelling of the Cabreira palaeoglaciers: (a) Reconstructed ice-surface hyp-
sometry. Dashed lines corresponds to the Glacio-topographic profiles (A-B; C-D) from Figure 7a,b;
(b) Modelled ice-thickness distribution.
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Figure 7. Glacio-topographic profiles of the Cabreira palaeoglaciers: (a) Transverse profile of the
Gavibes palaeoglacier; (b) Transverse profile of the Gavides palaeoglacier.

3.4. Palaeo-ELA Estimates

The reconstructed palaeo-ELAs were calculated for two small (<1 km?), undated
palaeoglaciers using the numerical ice-surface models as the basis for AABR and AAR
estimations (Table 2; Figure 6). Applying the selected ratio ranges (AABR = 1.5-2.1;
AAR = 0.40-0.65) resulted in AABR-derived ELA thresholds of 1015-1025 m a.s.l. for
Gaviodes and 1073.5-1088.5 m a.s.l. for Azevedas. The corresponding AAR-derived values
ranged from 1013-1053 m for Gavides and 1056-1136 m for Azevedas (Figure 7a,b).

Table 2. Palaeo-ELA estimations on both reconstructed numerical models.

Palaeoglacier AABR1.5-21* AABRBR19*  AAR0.40-0.65 * AAR0.60 * MELM
Gaviodes 1015-1025 1020.5 1053-1013 1018 937
Azevedas 1088.5-1073.5 1078.5 1136-1056 1071 1094

* AABR (BR 1.5-2.1) and AAR intervals (0.40-0.65) reflect the most suitable ratios for small (<1 km?) maritime
cirque/valley glaciers.

AAR-derived ELAs are consistently higher and more variable than AABR estimates,
reflecting the AAR method’s lower sensitivity to glacier hypsometry and vertical mass-
balance gradients. In contrast, the AABR method yields narrower and more physi-
cally coherent intervals, confirming its robustness for small, topographically confined
palaeoglaciers [73,80]. Using the standard ratios (AABR = 1.9; AAR = 0.60), the resulting
palaeo-ELA values are 1020.5 m a.s.l. (AABR) and 1018 m a.s.l. (AAR) for Gavides, and
1078.5 m a.s.l. (AABR) and 1071 m a.s.l. (AAR) for Azevedas. These estimates compare
well with the MELM-derived ELAs (937 m for Gavioes and 1094 m for Azevedas), sup-
porting the reliability of the numerical modelling framework and the associated local
mass-balance interpretation.

4. Discussion

The geomorphological mapping and numerical reconstructions presented in this study
provide a comprehensive characterisation of low-altitude palaeoglaciation in Serra da
Cabreira. Two small valley glaciers, developed in the Gavides and Azevedas valleys,
were mapped, each occupying structurally guided north-facing hollows and sustained by
favourable topographic configurations [30]. Their reconstructed geometries, with areas of
0.24-0.98 km? and ice thicknesses up to 89 m, illustrate the capacity of modest mid-altitude
massifs to support LGC glaciation when conditions of snow accumulation and limited
ablation prevail. The absence of moraines in the Soutinho valley further highlights the role
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of post-glacial reworking in modifying or erasing glacial signatures in such environments,
underscoring the importance of integrating geomorphology with modelling approaches to
identify former ice limits [57].

Multi-method equilibrium-line reconstructions (AABR, AAR, MELM) converge on
palaeo-ELA values of ~1020-1080 m, implying temperature depressions of 6-10 °C. Such
values align with the proposed regional estimates in previous studies [19,22] and suggest a
moisture-rich palaeoclimate strongly influenced by Atlantic westerlies during the LGC [1].

Together, these findings point to a dominant climatic signal driven by enhanced
winter snowfall and negative NAO-like atmospheric configurations, modulated by local
topography that amplified snow retention and constrained glacier geometry [15,24].

4.1. Geological and Geomorphological Controls on Glaciation

Despite their modest dimensions, the Gavides and Azevedas glaciers played an impor-
tant role in re-shaping the Serra da Cabreira landscape. Their development was strongly
conditioned by structural controls, with valley alignment guided by pre-existing fracture
and fault networks that facilitated overdeepening by basal shear [31]. The vertical and
stepped headwalls of the cirques of the Soutinho, Gavides, and Azevedas illustrate the im-
print of plucking on structurally weakened granite bedrock. The geomorphological pattern
observed in Serra da Cabreira mirrors broader tendencies across the northwest Portuguese
mountains, where topography, lithology, and hydrology jointly governed glacial behaviour
during the LGC [31,33]. These massifs have long been described as “two-sided systems”,
characterised by cold-climate landforms concentrated on sheltered leeward slopes and
active freeze—thaw processes on the exposed windward flanks [33,87,88].

Within this framework, Serra da Cabreira, and the near glaciers of Serra Amarela,
and Branda da Gémea exemplify confined valley glaciation, in which eastward snowdrift
and sheltered topography favoured local ice accumulation [30,31,37]. By contrast, in
massifs with extensive highlands such as Peneda and Gerés, palaeosurfaces acted as broad
accumulation caps, feeding multiple outlet valleys and sustaining compound ice fields
during the LGC [31,33,38]. The comparison underscores that, although climatic forcing was
broadly uniform, the style and extent of glaciation were primarily controlled by topography
specifically, by plateau continuity, relief amplitude, and exposure to prevailing Atlantic air
masses [4,23,24,89].

Accordingly, two dominant glaciation types can be distinguished in northwest Por-
tugal [76]: Scandinavian-type glaciation, represented by Peneda—Gerés—Xurés, where ice
caps and compound cirques with dendritic outlets developed on high plateaus [31,33,37],
and Valley-type glaciation, observed in Serra da Cabreira, Serra Amarela and Branda da
Gémea valley, where isolated cirques functioned as primary accumulation basins feeding
short valley tongues [31,38]. Together, these regional contrasts demonstrate that geological
structure and relief configuration, rather than absolute altitude alone, governed the local
expression of glaciation and the palaeo-ELA variability recorded across northwest Portugal.

4.2. Maritime Influence, Continentality and Palaeoglacial Equilibrium-Lines in NW Iberia

Considering the ELA-MELM values for the northwest Iberian mountains [31,43,44,86],
the lowest palaeo-ELA values (=270-900 m a.s.l.) correspond to the coastal and maritime-
influenced ranges of Capelada, Faro de Avién, Xistral where abundant Atlantic pre-
cipitation sustained glacier equilibrium under limited temperature depression. In-
land, ELAs progressively rise above 1000 m a.s.l. in Azevedas—Gavides, Amarela, and
Peneda—Gerés—Xurés, reaching maxima of 1200-1300 m a.s.l. in the Oribio—Cebreiro and
Ancares—Trevinca systems.



Quaternary 2025, 8, 71

13 of 20

At the same time, glaciated area increases markedly with continentality and massif
altitude, suggesting that relief, plateau extent, and topographic confinement exerted a
stronger influence on ice volume than ELA elevation alone (Figure 8a,b) [1,15,17]. In lower
coastal ranges, such as Capelada or Azevedas, ice accumulation was restricted to cirques
and short valley tongues, whereas in higher interior plateaus—Courel, Manzaneda, Los
Ancares, Trevinca—ice fields and coalescent glaciers developed.
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Figure 8. LGC ELA Altitude and Glaciated Area vs. Distance from the Coastline and Glaciers
Typology: (a) Plotted values of ELA-MELM and glaciated area per massif, distributed by distance
since the coastline in the northwest Iberia classified as glacier type and type of continental effect;
(b) Northwest Iberia geographical arrangement of the studied massifs.

The ELA-MELM values inferred for the studied massifs (Figure 8) reveal a clear
continentality gradient, expressed by the logarithmic rise of ELAs with increasing distance
from the Atlantic Ocean and Cantabrian Sea (Figure 8a). This pattern reflects the rapid
inland depletion of maritime moisture sources and the previous described west—east
asymmetric pattern on geomorphological development of moraines in the northwest
Iberia [15,17,19,27,29].

During the LGC, mean annual air temperatures in Iberia were approximately 6-10 °C
lower than those at present [19]. This broad cooling uniformly depressed ELAs, yet its local
expression was modulated by both topography and continentality [22-25]. In northwest
Portugal, the lower, maritime massifs maintained glacial balance under moderate cooling,
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as high precipitation compensated for smaller temperature drops. Further inland, how-
ever, higher-standing plateaus and elevated valley floors—notably in Los Ancares, and
Trevinca—preserved altitude over longer distances, enhancing snow accumulation but
requiring greater cooling to sustain equilibrium. Consequently, the observed logarith-
mic inland rise of ELA and the expansion of glaciated area reflect the combined ef-
fects of moisture depletion, orographic height, and thermal contrast on palaeoglacial
equilibrium [4,5,15,19,31,67].

A broader European comparison shows that the northwest Iberian palaeo-ELA pattern
lies at the low end of the continent-wide range [90]. In the Alps, LGC ELAs typically span
1200-1800 m, increasing toward the more continental northeastern sectors [91]. In the
Carpathians, major ice fields in the Southern Carpathians reached ELAs of ~1000-1200 m,
while the more continental Apuseni cirques lay above ~1600-1800 m [92]. Across the
Pyrenees, Atlantic-facing catchments display ELAs of ~1200-1600 m, rising to >1800-2000 m
in the Mediterranean east [93]. Similar west—east gradients characterise the Apennines,
Balkans, and Tatra mountains, where maritime ranges maintain lower ELAs than interior
massifs [90,94,95]. Within this framework, the northwest Iberian gradient, from ~270-900 m
along the coast to ~1200-1300 m inland, forms one of the lowest maritime-influenced ELA
range in Europe, reflecting the exceptional effectiveness of Atlantic moisture in sustaining
low-elevation glacier equilibrium [17,19].

4.3. Study Limitations and Future Directions

Although this study provides the first quantitative reconstruction of the palaeoglaciers
of Serra da Cabreira, several limitations must be acknowledged. Foremost is the absence
of absolute chronological constraints for the mapped glacial landforms. Without dating,
the reconstructed glacier geometries and palaeo-ELAs cannot yet be assigned to a specific
phase of the LGC [1,2,11-14]. While the geomorphological characteristics strongly suggest
a Late glacial or Last Glacial Maximum origin, this remains a working hypothesis. Future
cosmogenic nuclide exposure dating or optically stimulated luminescence (OSL) analysis
would be essential to establish a precise temporal framework [15,96-98].

A second limitation relates to the subtle topographic expression and partial reworking
of glacial deposits, particularly in the Soutinho valley, where melt-out processes and post-
glacial fluvial activity have obscured or removed moraine ridges. The resulting uncertainty
in identifying maximum glacier limits restricts the reconstruction of one of the three
potential glacier systems in Cabreira. High-resolution LiDAR, UAV-based photogrammetry,
and sedimentological coring may help detect buried or degraded morainic features and
refine valley-specific reconstructions [99,100].

Additionally, the small size of the Cabreira palaeoglaciers and their strong structural
and hypsometric confinement introduce uncertainties in ELA reconstructions. Although the
AABR, AAR and MELM methods converge on consistent values, small errors in mapping,
hypsometry, or balance ratio selection may disproportionately influence ELA estimates for
glaciers with limited altitudinal range [57]. More robust palaeoclimate inferences would
benefit from applying spatially distributed mass-balance models, coupled with sensitivity
tests using varying temperature and precipitation scenarios [9,10].

Lastly, this study highlights the need for broader regional integration. While we
compare the Cabreira palaeoglaciers with other NW Iberian and European low-altitude
systems, the regional dataset still lacks uniform reconstructions, consistent dating, and
standardised ELA methodologies [20,31,37,38,43—45]. Future work should prioritise coor-
dinated geomorphological mapping, chronological programmes, and numerical glacier
modelling across the Portuguese—Galician border region. Such efforts will allow the devel-
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opment of a comprehensive regional model of Atlantic low-altitude glaciation and improve
understanding of moisture-driven palaeoclimatic gradients during the LGC [1,7,15].

5. Conclusions

This study provides a quantitative reconstruction of the low-altitude palaeoglaciers of
Serra da Cabreira, revealing two small, thin and topographically confined valley glaciers
preserved in the Gavides and Azevedas valleys. Their limited length, modest ice thickness,
and restricted accumulation areas show that the Cabreira glaciation was highly sensitive
to topographic controls, with glacial development constrained by north-facing cirques,
fracture-guided valleys, and sheltered leeward settings.

Glacier extent and geometry were strongly controlled by topography, particularly the
role of north-facing hollows and structurally guided valleys, which allowed glaciation at
elevations significantly lower than northwest Iberian mountains.

Numerical modelling and multi-method ELA estimation (AABR, AAR, MELM) pro-
duce consistent palaeo-ELA values of ~1020-1080 m, indicating temperature depressions
of 6-10 °C and enhanced winter snowfall under moisture-rich Atlantic conditions during
the LGC.

These low ELAs align with patterns observed in other Atlantic-facing massifs of
northwest Iberia and highlight the sensitivity of Cabreira’s small glaciers to precipitation-
driven mass-balance regimes. When compared regionally, the Cabreira palaeoglaciers
occupy an intermediate position within the Atlantic—continentality gradient, with ELA
values comparable to those of other low-altitude European maritime glaciers.

Overall, the results demonstrate that the palaeoglaciation of Serra da Cabreira was
driven by sustained Atlantic moisture supply within a structurally controlled granitic
landscape. They provide an important key reference point for understanding the climatic
sensitivity and geomorphological evolution of low-altitude mountain environments along
the western Iberian margin during the LGC.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/quat8040071/s1, Table S1: Compiled dataset used for the
continentality-ELA and glaciated area analysis in northwest Iberia [31,43,44,86]. The table com-
piles palaeo-ELAs (MELM) values, glaciated areas, glacier types, and domains for 15 palaeoglaciated
massifs. Distances represent the shortest linear path from each massif to the Atlantic or Cantabrian
coastline. These data were used to derive the logarithmic continentality trend shown in Figure 8 and
to assess the relationship between ELA altitude, topographic setting, and ice extent.
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