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Abstract

Permafrost study in the Spanish Central System (~41°N) has remained elusive in past
decades. Although numerous periglacial features have been described, none has
yielded conclusive information about the existence/distribution of permafrost across
these mountains. This work focuses on integrating light detection and ranging and
unmanned aerial vehicle data with geophysical methods and sedimentary records,
along with preliminary thermal information, for the comprehensive study of a frost
mound. The singularity of this feature resides in its location, currently dominated by
a seasonal frost regime, and its size reaching 59 m long, 22.5 m wide and 4 m high,
representing the largest landform of this type in Iberia. From top-to-bottom, the
internal structure comprises three resistivity units (G1, G2 and G3). The most superfi-
cial unit (G1) consists of a sequence of burial soils alternating with sand and silts, with
pebbles and gravel at the bottom, followed by a high porous layer that belongs to a
landslide deposit (G2), likely composed of gravel and pebbles laying over unit G3
(bedrock). Calibrated #C ages suggest this landform formed at least ~4300 years
ago during the mid-Holocene. Finally, the preliminary surface thermal map indicates
the presence of sectors affected by strong thermal gradients likely driven by water
table variations. Our results conclude that the dynamics are primarily controlled by
the seasonal frost regime influencing local subsurface drainage, which allows us to
classify this landform as a hydrodynamic pingo-like structure. We also demonstrate
that our approach is suitable for assessing the evolution of this type of periglacial
landform. Implementing long-lasting annual monitoring programmes would help to

understand local periglacial dynamics better.
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1 | INTRODUCTION

The term hydrolaccolith is sometimes associated with those of pingo,
palsa, cryo-laccolith and blister frost to name certain conical mounds
caused by seasonal soil swelling in permafrost areas, but its use in this
context is ruled out (Harris et al., 1988; Van Everdingen, 1998). How-
ever, it has also been used to refer to a convergent morphology with
the previous ones but associated with the subsurface water flow vari-
ations and the seasonal ice-thaw cycles in permafrost-free regions
(French, 1996; Ward, 2004; Worsley, 2004). This is the use of the
term in the present work.

Most hydrolaccolith-like landforms have been identified in a wide
variety of polar and subpolar regions and mountain permafrost
terrain, particularly in the Northern Hemisphere (Frenzel, 1959;
Mackay, 1998; Woolderink, 2014). However, little is known about the
seasonal periglacial environments at temperate latitudes where such
features are uncommon (Murton, 2021). Therefore, these features are
of great interest to the scientific community because they could pro-
vide key insights to understand better processes and control factors
involved in their formation, as well as the local environmental evolu-
tion (Ward, 2004; Woolderink, 2014; Worsley, 2004).

In Iberia, these periglacial landforms have been identified in most
of the major mountain ranges. For instance, in the Pyrenees, frost
mounds have been described and linked to the presence of perma-
frost (Serrano et al., 2019). In the Spanish Central System and the Leo-
nese Mountains, however, similar features were also documented and
classified as hydrolaccoliths associated with the seasonal frost regime
(Centeno et al., 1983; Fernandez-Lozano & Andrés-Bercianos, 2020;
Molina & Pellitero, 1982; Pedraza, 1994). Recently, the presence of a
well-developed hydrolaccolith has been reported in the Calderuelas
Valley, within the Guadarrama National Park, located in the eastern
sector of the Spanish Central System (Carrasco et al., 2020). Although
the local ground thermal regime is unknown, nearby mountain massifs
have been reported free of permafrost with annual soil temperatures
over 0°C at 2000masl. (Andrés-de Pablo & Palacios-
Estremera, 2010; Palomo-Segovia, 2012). Therefore, due to their sin-
gularity in this Mediterranean mountain range, assessing their
morphology and seasonal geometry variations along with sub-surface
temperatures and inner structure may help to understand their repre-
sentativity in terms of genesis and evolution. In addition to the key
scientific value, understanding the activity of these periglacial land-
forms offers new insights to promote effective management plans in
protected natural areas that aim at their conservation by administra-
tion stakeholders and public awareness.

The study of frost mounds has often been focused on spatial dis-
tribution and geometrical analysis (i.e., shape and size) throughout tra-
ditional low-resolution methods such as aerial orthoimages and visual
field interpretation. However, the implementation of geomatic tech-
nologies such as airborne light detection and ranging (LiDAR) technol-
ogy and unmanned aerial vehicles (UAVs) provides an effective
method for detailed mapping by producing digital elevation models
(DEMs) and orthomosaics of high-resolution (i.e., centimetric) that

afford precise analysis of a wide range of glacial and periglacial

processes. Geomatic technologies have significantly contributed to
filling the gap between traditional terrestrial, aerial and satellite data,
providing vital information in inaccessible or remote areas (Abermann
et al, 2010; Colucci et al, 2016; Fernandez-Lozano & Andrés-
Bercianos, 2020; Jones et al, 2013; Migon et al, 2013; Sledz
et al., 2021). For instance, the study of periglacial talus slopes through
the detection and spatial analysis of 3D models using sequential mea-
surements provides insights into the dynamics of these landforms,
such as volumetric changes and horizontal displacements, allowing
inferences about the controlling factors that promote their genesis
and evolution (Hendrickx et al., 2017, 2020). Luo et al. (2019) also car-
ried out similar analyses using both technologies to monitor the evolu-
tion of frost heave and thaw of frost mounds and their impact on
engineering infrastructure. These surface surveying techniques, how-
ever, require other subsurface methods to explore in detail the inner
structure of these periglacial landforms. Amongst the most extensive
subsurface methods, seismic and electrical resistivity has been widely
used for understanding process-form relationships in glacial and peri-
glacial environments (Carrasco et al., 2018; Doolittle & Nelson, 2009;
Munroe et al., 2007; Schennen et al., 2016). These methods can be
expanded empirically with the sedimentary record obtained from drill
cores to validate further geophysical interpretations (Granja-Brufa
et al,, 2021; Leopold & Vélkel, 2003; Voelkel et al., 2001).

The Calderuelas hydrolaccolith represents a singular feature of
great relevance due to its genetic and climatic implications regarding
the poorly constrained regional present-to-past periglacial conditions.
The new surface and subsurface geological techniques provide valu-
able insights that reinforce prior analysis from Carrasco, Pedraza, et al.
(2020) and shed light on the mechanisms that govern the genesis and
evolution of the hydrolaccolith. This information will also contribute
to rising measurements for the future preservation of this singular
landform.

This study follows a multidisciplinary approach based on geophys-
ical, geomatic, sedimentary and chronological data along with prelimi-
nary thermal regime analysis that provides “top-to-bottom”
information to characterise the hydrolaccolith of the Calderuelas Val-
ley at Sierra de Guadarrama National Park. This paper aims to estab-
lish the geological framework in which to perform future long-term
analysis of the current evolution using permanent stations that will
provide systematic measurements to assess the ongoing dynamics of

the hydrolaccolith further.

2 | REGIONAL CONTEXT

The study area is in a high mountainous region of the eastern sector
of the Spanish Central System (Sierra de Guadarrama National Park),
locally known as Alto de las Calderuelas (Figure 1). Its mean elevation
reaches over 1800 m a.s.l., whilst the maximum height is reached
towards the southwest at 2077 m a.s.l. in La Flecha peak. From a
physiographic point of view, this massif exhibits a NE-SW orientation,
standing out over the Duero and Tagus Mesetas at the north and

south, respectively. The local topography comprises subdued peaks
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FIGURE 1
wileyonlinelibrary.com]

with slopes between 60° and 85° in the headwalls. The northern and
southern flanks of these mountains show a strong asymmetric
morpho-structure with rugged southern hillslopes and smoother gra-
dients to the north.

Meteorological data for the 2013-2023 period show mean annual
temperature oscillation between —10 and 26.3°C over 1600 m a.s.l.
Annual precipitation varies from 1200 to 2500 mm, including snow
between November and May (open data AEMET, 2023, https://
opendata.aemet.es/). Soil temperature measurements at 10 cm depth
between 2001 and 2011 in nearby sectors range between —4.4°C
(December) and 27.5°C (July) (i.e., Penalara Massif, ~2000 m as.l;
Palomo-Segovia, 2012). The general regime of mean soil temperatures
presents cold conditions between September and May and warmer tem-
peratures from June to August. In addition, according to the Koppen-
Geiger classification, the area presents a Mediterranean mountain cli-
mate with strong continental influence (Dsb and DsC).

The regional geology forms part of the Central Iberian Zone (eas-
ter Iberian Massif), which in this area mainly consists of high-grade
pre-Ordovician crystalline basement rocks, principally glandular
orthogneiss with intercalated leucogneiss. Metasedimentary rocks in
the area are scarce and comprise semipellitic paragneiss and alternat-
ing quartzites (Arenas-Martinez et al, 1991). These rocks were

Sketch map of the study area in the Guadarrama National Park (Spanish Central System). [Colour figure can be viewed at

strongly deformed during the Variscan orogeny (Macaya et al., 1991).
The N-S orientation of the valleys is controlled by the presence of
reactivated Alpine faults responsible for the asymmetric morphology
of the chain and the presence of steeped blocks that influence the
position of valleys and mountains and are controlled by the most
recent Alpine tectonics (De Vicente et al., 2007, 2018).

The Calderuelas hydrolaccolith (Figure 2a) is situated close to the
headwall of a glacial cirque in a U-shaped valley that was most likely
occupied by a small mountain glacier between ~26 ka (ka = 1000 -
years ago) and ~11-12 ka spanning from the last glacial maximum to
the early Holocene (Carrasco et al., 2016, 2022; Palacios et al., 2012).
Local surficial processes are associated with frost and thaw cycles
commonly over 1500 m a.s.l. (Palomo-Segovia, 2012). Ground swell-
ing extends across the right bank of the Calderuelas Creek headwa-
ters near the mountain summit, although the development of other
minor structures, such as water blisters, is a common feature at the
bottom valley (Figure 2b). The presence of solifluction lobes is associ-
ated with periglacial dynamics and highlights the location of active
slopes in the valley. These deposits partially cover the basal substrate
in the lower part of the hillsides. Solifluction lobes often comprise thin
superficial formations (~2-6 m), mainly corresponding to colluvium
and debris slope deposits (Ruiz-Garcia et al., 1991) with small pools
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and ponds. Similar slope configurations have been extensively studied
previously in the region (Lépez-Sdez et al, 2020; Turu
etal., 2018, 2021).

3 | METHODOLOGY

In this work, we have adopted a multidisciplinary approach to afford a
“top-to-bottom” characterisation of the Calderuelas hydrolaccolith.
Firstly, historic identification was carried out using aerial orthoimages
and topographic maps from different dates. Secondly, geomatic tools
allowed us to obtain the morphological expression and dimensions of
the landform. Finally, geophysics and auger coring provided essential
information concerning the subsurface structure of the landform. Each

methodological approach is described in detail below.

FIGURE 2 (a) Panoramic view of the
Calderuelas hydrolaccolith. (b) Water
blisters (black arrows), also called in the
Central System “bojas.” [Colour figure can
be viewed at wileyonlinelibrary.com]

3.1 | Surface characterisation

3.1.1 | UAV high-resolution mapping
Surface morphological characterisation was performed by comparing
aerial orthoimages from 1946 to 2017 from American Flight and Plan
Nacional de Ortofotografia Aérea (PNOA: 2004, 2006, 2008, 2009,
2010, 2011, 2014 and 2017) with image resolution between 0.5 and
0.25 m. Although the best resolution to constrain the dimensions of
the structure was achieved with the 2017 series. The cartographic
repository was downloaded from the Spanish Organismo Auténomo
Centro Nacional de Informacion Geografica (OACNIG at https://
centrodedescargas.cnig.es/CentroDescargas/index.jsp).

In addition, LiDAR data from the PNOA database with a point
cloud density of 0.5 p/m? from the Spanish 1st flight coverage (2010)
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to obtain 1 m resolution Digital Terrain Model (DTM) (Z-RMSE
~0.2 m). The DTM was used for the morphological analysis using
relief visualisation techniques (terrain slope, openness-negative, prin-
cipal component analysis and sky view factor) based on visual
enhancement tools developed by Kokalj et al. (2011) and Stular et al.
(2012) and following the methodological approach for geomorphologi-
cal analysis by Carrasco et al. (2020) and Fernandez-Lozano
et al. (2019).

The surface analysis was completed by monitoring the seasonal
topographic variations observed from UAV-derived photogrammetric
products: orthomosaics and digital surface models (DSMs). Two flights
(in February and July 2022) were performed using a DJI Phantom
4-RTK UAV and the D-RTK 2 mobile station (accuracy <0.02 m;
Figure 3a). RTK file was post-processed using RINEX files from Insti-
tuto Geografico Nacional GNSS Permanent Stations (PNAV-Puerto
Navacerrada).

The terrain awareness option was used during the flight to main-
tain a 50 m flying height for the whole working area regardless of the
relief variations. A grid flight plan allowed the capture of aerial images
covering a total area of 11.8 ha. The final ground sampling distance
(GSD) was <0.002 m/pixel, and the RMS Error was X, Y and

Z < 0.01 m. Processing of the images based on bundle adjustment and

point cloud densification was performed using Pix4D® software
and computing projects with 125 (February) and 390 images (July).
Topographic changes were measured by DSM subtraction from both
UAV flights using Global Mapper® and Oasis Montaj® software.

3.1.2 | Surficial temperature measurements

To provide first-order interpretations of the mechanisms that may
govern the cryogenic evolution of the frost mound, a thermal gradient
map was also carried out by systematic measuring between the winter
(February) and the summer (July) across a 5 x 5 m grid covering the
whole structure. The rationale behind this was to interpret
the observed variations on the surface and subsurface thermal gradi-
ent responsible for the evolution of the frost mound. During the win-
ter, frost and thaw cycles can be easily analysed and interpreted,
whilst, during the summer, the presence of groundwater can be
detected through thermal data. Altogether, these data can provide
information of great significance to analyse the process behind the
evolution of the frost mound. Surface thermal measurements were
obtained using a Flir E8-XT® thermal camera (320 x 240 pixels and

spectral range 7.5-13 um) with a temperature range between —20°C

FIGURE 3 (a) UAV flight using a D-RTK GNSS station and a DJI Phantom 4-RTK system. (b) Thermal surveying using a FLIR camera.
(c) Geoelectric tomography surveying and (d) drill-core tasks. [Colour figure can be viewed at wileyonlinelibrary.com]
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and 550°C and thermal sensitivity of +0.05°C (Figure 3b). Whereas
subsurface temperature (10 cm depth) was acquired using a Delta
OHM HD2307.0 RTD® Thermometer (—200°/650°C) with +0.05°C
accuracy. Finally, a 2D Fourier transform was carried out over the
thermal gradient map to characterise the wavelength of the thermal
anomaly observed for the summer temperature map. Filtering of ther-
mal data was done by applying a Butterworth Filter in Oasis Montaj®,
which provides low and high pass filtering, allowing control of the

sharpness of the filter around the wavelength cut-off.

3.2 | Subsurface characterisation

3.2.1 | Geoelectric surveying

Two different geophysical methods based on resistivity were used to
constrain the subsurface geometry of the feature (see further infor-
mation and application in Salazar-Rincon et al, 2013; Turu
et al., 2018). A vertical electric sounding followed by postprocessing
using freely available IPI2win software from the University State of
Moscow to solve equivalence problems and to invert the field data
was performed using Bobachev et al. (2003) software. This data was
combined with electrical resistivity tomography (Hausmann
et al., 2013; Schrott & Sass, 2008). Geoelectric profiles were obtained
using an 8-channel Agi Supersting system with dipole-dipole and
Wenner-Schlumberger arrays and 1.5-2m electrode spacing
(Figure 3c; see Reynolds, 2011 for further information about the
methods). Field data inversion with typographic correction was done
using RES2DINV® (Loke et al., 2010). Topography was used to nor-
malise profile elevations to the ground surface and for inversion
best fit.

322 |
profiling

Core sampling and magnetic susceptibility

A borehole was performed from the topmost part of the landform for
checking geophysical interpretations and chronological purposes. Mul-
tiple accessory equipment was necessary due to the grain-size vari-
ability of the deposits. The core was collected by adding the
continuous sounding parts (Figure 3d), including PVC tubes, Russian-
type corer and Wright piston corer (Wright et al., 1984).

Simple field identification of collected sediments (colour, texture
and smell) helps to identify organic layers for **C dating but also their
sedimentary and thickness trend by identifying coarsening or fining
upward sequences, thinning or thickening upward sequences (Jalut
et al., 2010). Visual description and magnetic susceptibility measure-
ments were done in situ shortly after collecting to identify unconfor-
mities and sedimentary units (Turu et al., 2018). A magnetic
susceptibility measurement (MS) was carried out using a GF Instru-
ments SM-20 shirt pocket-size magnetic susceptibility meter with a

sensitivity of 1 x 107¢ Sl units. To guarantee physical safety in the

transportation and storage identification of the cores, bivalve PVC

casing, labelling and duct tape sealing were thereafter applied.

3.23 | !C AMS dating

Radiocarbon AMS dating from bulk organic fraction, charcoals and
roots were performed in the sediment samples extracted from the
bottom of the core. A pair of measurements of *C activity and
the isotope ratio *3C/*2C was done for each sample by Beta Analytic
Inc. (Florida, USA) mass spectrometer facility. Possible biological con-
taminants (i.e., fungi) were avoided by drying the samples immediately
after extraction and, subsequently, isolated into plastic bags. Samples
were then stored at 4°C in a dry and dark place. The laboratory sepa-
rates roots and other organic macro-remains from the bulk sediment.
The organic matter was extracted from bulk sediment using the ABA
protocol (acid-base-acid washing [HCI-NaOH-HClI]), to remove car-
bonates and possible humic acids. The resulting fraction was dried
and prepared for dating following standard protocols (Walker, 2005).
A couple of AMS measurements involving both macro-remains and
bulk organic matter were executed to check their consistency (double
AMS-data checking). The percent of modern **C carbon (pMC) allows
for a calibrated age using Reimer et al. (2020) datasets.

4 | RESULTS

4.1 | Surficial data

411 | UAV high-resolution mapping

LiDAR DTM allowed the detailed description of the shape and size of
the Calderueas hydrolaccolith and its surroundings. Table 1 and
Figure 4 show the main characteristics of the structure. It is repre-
sented by an ellipsoidal morpho-structure trending NE-SO, 59 m long,
22.5 m wide and ~4 m high. The central part of the hydrolaccolith
presents its highest elevation in the E-NE part of the structure. In con-
trast, the lowest elevation is achieved in the W limit, leading to a total

ground elevation difference of ~30 cm. Its depth may vary from one

TABLE 1  Main morphological parameters of the Calderuelas
hydrolaccolith.

Main parameters

Long axis 59 m

Short axis 225m
Perimeter 170.07 m
Surface 2126 m?
Height 4m

Internal volume 2010 3142.4383 m*
Internal volume difference February-July 2022 132.153 m®
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FIGURE 4

(a) 1927 topographic map of the area (black arrow shows the position of the hydrolaccolith). (b) 2010 hypsometric map based on

the LiDAR DTM marking the profile position shown in (c). (c) This work uses a 2D image of the frost mound structure based on LiDAR and
geoelectric tomography (profile 1 in Figure 6a). ETRS89 projection and UTM-T30 coordinate system. [Colour figure can be viewed at

wileyonlinelibrary.com]

sector to another, showing two throughs ~3 and ~4 m. The deepest
is located towards the feature's eastern side.

Geomorphic evidence indicates the current active nature of the
hydrolaccolith. It is important to notice the development of an associ-
ated drainage system, indicating the presence of sporadic streams in
the area. However, it is most likely that these small scours were sea-
sonal (see negative openness map in Figure 5a), as supported by the
drainage system deflection observed in this area.

These geomorphological features were identified in the 1945-
1946 aerial images, whilst the swelling surface was also recognised in

the 1927 topographic map (Figure 3a). Another characteristic feature

is the presence of decametric dilatation scars observed at the frost
mound foot. These fractures suggest that the creeping mechanism is
still active today (Figures 5b-d and 6a).

So far, the processed LIDAR DTM maps (e.g., slope, principal com-
ponents and sky view factor maps) show typical hummocky surfaces
across the crest of the main feature. Most of its central part, especially
towards the east, is uplifted, whilst the western side appears
depressed. Maximum surface elevation occurs on the northern border
of the structure, where seasonal ice lenses were observed. This terrain
configuration is consistent with the surface changes observed in the

February-July subtraction DSM map derived from UAV images
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FIGURE 5

Microrelief analysis: (a) Negative openness map showing the drainage system affecting the main structure (see black arrows). (b, c)

Slope and principal components map indicating the scars and depressions affecting the hydrolaccolith structure, respectively (see black arrows).
Colours correspond to the RGB composition band values considering three components for PCA using a hill-shading searching radius of

16 directions and 35° sun elevation. (d) Sky view factor map. Arrows mark the position of positive (red) and negative (blue) topography, and red
lines show the position of the source area of the mass movement. Based on 2010 LiDAR data (www.ign.es). [Colour figure can be viewed at

wileyonlinelibrary.com]

(Figure 6b). Moreover, the aerial photointerpretation from different
periods shows significant drainage pattern changes within the frost
mound (Figure 7).

4.1.2 | Surficial temperature measurements
Preliminary thermal measurements at 10 cm depth were systemati-
cally carried out during the winter (February) and summer (July) of
2022. The winter ground surface temperature varies between —7.9
and 6.7°C (mean = —0.6°C). In situ observations have shown the exis-
tence of thick ice interstitial wedges standing out in different sectors
of the hydrolaccolith (Figure 8a-d), whilst a ground thermal range
between 3 and 11°C was observed in the summer (mean = 7°C).
Although the number of measurements (1 year) provides a first-order
assessment of the local ground thermal regime, the mean annual
ground thermal oscillation reaches 7.6°C.

The 2D Fourier surface thermal map (data obtained in July)
showed two important distributed anomalies with a 30-m long wave-

length (minimum at 3.8°C and maximum at 11.4°C) across the feature.

The lowest values were reached in a localised depression of the west-
ern sector, whereas higher values were recorded in the elevated areas
of the eastern sector of the structure, showing an N-S strike
(Figure 9).

4.2 | Subsurface data

421 | Geoelectric surveying

Three geoelectric profiles were measured with varying lengths from
48 to 137 m. The maximum depth achieved was over 10 and 24 m
using Wenner and dipole-dipole arrays, respectively. Geophysical
data show three different resistivity units (G1, G2 and G3,
Figure 10a). The upper unit (G1: 2.5-5 m thick) is characterised by
low resistivity, being interpreted as a surficial formation with high
content in fine-grain material. The intermediate unit (G2: 5-7 m thick)
seems to comprise variable content of fine grain material interpreted
as part of the mass flow deposit. Its core shows higher resistivity than
the surroundings (G2a > 8000 Qm and G2b ~ 3000 Qm). The lower
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FIGURE 6 (a) UAV-derived DSM with
the position of the geoelectric
tomography profiles and drill core. The
map shows the internal/external structure
of the Calderuelas hydrolaccolith and the
main scars observed from the DSM.

(b) Subtraction topographic map showing
seasonal vertical ground changes
observed between February and July
2022. The black line indicates the internal
area of the hydrolaccolith shown in (a).
[Colour figure can be viewed at
wileyonlinelibrary.com]

unit (G3) was interpreted as bedrock having a much lower resistivity
than the previous unit (G3 < G2).

The comparison of the three units suggests an inverse relation-
ship between units G1 and G2 (Figure 10a), which also correlates with
a topographic height in the centre of the structure. This concentric
differentiation of the three resistivity units allows the peripheral
delimitation of the active zone of the hydrolaccolith. The general
geometry of the bottom shows a basin-like morphology varying the
depth between 3.5 and 4 m.

A single vertical electrical sounding (VES) was performed in winter
on the summit of the landform, obtaining a 1D resistivity profile at the
same place where a 2D resistivity panel was produced in summer to
compare both resistivity data (Figure 10b). The resistivity from VES

shows the same layered structure (Table 2) obtained with tomography
in summer; however, resistivity differences for summer (electrical
resistivity tomography, ERT) and winter (VES) can be found in
Figure 10b. Unit G1 in winter has a resistivity of 20% higher than
in summer, but a greater resistive difference is for Unit G2. Two possi-
bilities arise for electrical resistivity changes: void ratio increasing
(dilatation), the presence of ice in the soil, or a frozen layer in winter.
The last possibility is likely for Unit G3; however, this is not possible
within Unit G2 due to the swelling capacity of the fine-grain material,
for which we invoke dilatation as a potential phenomenon to explain
the signal. Therefore, the morphology seems to be controlled by the
presence of groundwater, a freeze shallow water table within the first

metre of Unit G1 and a piezometric water level within Unit G2.
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FIGURE 7 Time series orthoimages from PNOA (2008, 2010, 2014 and 2017) and flights carried out in 2022, where changes in the internal
drainage system can be identified clearly, suggesting the presence of flooded sectors within the frost mound. [Colour figure can be viewed at

wileyonlinelibrary.com]

422 |
profiling

Core sampling and magnetic susceptibility

A 374 cm continuous sediment core was extracted from the top of the
Calderuelas hydrolaccolith, spanning the upper geoelectrical unit (G1).
The upper 50 cm were extracted with a 76 mm PVC tube, hammering
directly into the surface of the feature. The segment spanning between
50 and 150 cm in depth was collected with a Russian-type corer. A

Wright piston corer obtained sediment between 150 and 300 cm in

depth. The last 66 cm were retrieved with an auger. The presence of
gravel and pebbles impedes reaching a greater depth than 374 cm. The
precise description of the sedimentary units is depicted in Figure 11.

MS measurements indicate that low values were related to the
most organic sections of the borehole, whilst high MS values were
found at the bottom of the sounding, where inorganic sections of
abundant pebbles and graves were found. At least four MS changes at
~20, ~140, ~220 and ~374 cm coincide with sharp grain-size
changes that are interpreted as sedimentary boundaries (Figure 11b).
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FIGURE 8

(a) General overview of the hydrolaccolith during winter 2022. (b, c) Detailed image of ice sheets growing over the surface.

(d) Subsurface interstitial ice. [Colour figure can be viewed at wileyonlinelibrary.com]

423 | 'CAMS dating

Two samples were collected from the bottom of the sounding at 306-
326 cm depth (GU-C09-1) and 374-366 cm depth (GU-C10-1). Four AMS
14C determinations were carried out: two from bulk sediment, one from
charred remains (charcoal) and one from organic macro-remains (roots or
plant remains; Figure 12). Unfortunately, only the sample collected at 306-
326 cm depth had enough charred remains to produce reliable AMS 4C
data. Table 3 shows the data of the three AMS **C produced using the
core samples. GU-C09-1 yields a calibrated **C at 20 of 4419-4244 years
BP (BP = related to 1950), and the GU-C10-1 affords an age of 2326-
2144 years BP. The results provided close maximum limiting ages for Unit
G1 and minimum limiting ages for units G2 and G3 (Table 3). However, the
inverted age from the bottom of the core was over by doubling the AMS
measurements (see Appendix S1 for a detailed description of the AMS *4C
double-date checking), ranging 7076 + 2832 yrs cal BP for unit G2.

5 | DISCUSSION
51 |

Driving mechanism

Altogether, including geophysical and sedimentary records, we interpret

that the primary process responsible for the swelling was a mass

movement, potentially paraglacial in origin, that mobilised the units G1
and G2 downslope (Stage 1). According to the sediment core, below the
fine-grain soil and solifluction deposits (G1), the G2 unit is predominantly
composed of grain-size sediments, including peat soils and rounded-
to-angular gravels that we infer act as a subsurface drainage layer. The
G2 unit is, therefore, constrained by impermeable bedrock (G3). This
internal structure would give rise to swelling by facilitating hydration and
dilatation/contraction during freeze-thaw cycles (Figure 13).

During intervals of relatively cold temperatures (Stage 2), shallow
frost penetration produces hydrostatic overpressure in unit G2 unit,
affecting subsurface drainage and promoting the accumulation of fine
grain sediments at the slope-floor transition of the valley. Further
cooling (Stage 3) allows deeper frost penetration, further enhancing
hydrostatic pressure over the G2 unit. Furthermore, given that solar
radiation exhibits a differential effect on the valleys, it is likely that
the frost penetration would reach more depth at the floor of the val-
ley, creating a “thermal barrier” that traps the drainage and increases
hydrostatic pressure on the transition between the slope and the bot-
tom of the valley. The invoked “thermal barrier” might be represented
in our geophysical record as the lateral high electrical resistive unit
(G2a in Figure 10a) located at the snout of the landform, a frosted
snout. Thus, once drainage within the landform is blocked by the

frosted snout, the hydrostatic pressure cumulates and may push up
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FIGURE 9 Result of the 2D-Fourier analysis of thermal gradient filtered to show large wavelength anomalies. The map marks the position of
positive and negative thermal anomalies. Dashed lines illustrate the position of the internal part of the Calderuelas hydrolaccolith. [Colour figure

can be viewed at wileyonlinelibrary.com]

the impermeable fine grain-size lenses, generating deformation on G1,
the upper layer and, therefore, the maximum swelling of the feature.
It is also likely that surficial expansion cracks formed during this stage
because of horizontal creeping (Figure 6a). Finally, the onset of warm
temperatures (Stage 4) led to the disappearance of the ground frost,
decreasing the hydrostatic pressure over unit G2. This configuration
allows the free movement of subsurface water towards the valley
floor and the accumulation of fine-grain sediments under the hydro-
laccolith (Figure 13).

The invoked swelling process at Calderuelas Valley involved a
series of factors that associate this structure genetically with an exter-
nal hydrological system affected by ground freeze-thaw annual cycles
(Figure 13). According to the classification by Washburn (1979), the
Calderuelas hydrolaccolith may correspond to a palsa typology or fro-
zen peat mounds (Fewster et al., 2020; Kirpotin et al., 2011; Olvmo
et al., 2020). Although, other studies suggest that palsas can occur
without positive hydrostatic pressure (i.e., independent of external
water supply) (Cummings & Pollard, 1989; Pollard & French, 1984;
Seppald, 1986). Conversely, pingos are often isolated structures that
present larger dimensions with water left over (i.e., hydrostatic pingos
or closed systems) (Kunz & Kneisel, 2021) or related to positive hydro-
static strain (i.e, hydrodynamic pingos or open systems)
(Mackay, 1972, 1979; Ross, 2013). Remnants of fossil pingos have
also been described in Northern Europe (Pissart, 1994), far from the

present-day permafrost areas, suggesting that they may have formed
after the last glacial event. Examples in Wales, France and Belgium
have shown close similarities with the Calderuelas frost mound being
found in gentle slopes and subhorizontal plateaus but with larger
dimensions (150 x 250 m). Despite some authors dissuading its use,
the term hydrolaccolith is frequently used as a synonym for hydrody-
namic pingo-like structure because of the essentially external hydro-
dynamic control and ubiquitous emplacement in a wide range of
periglacial environments (Ward, 2004; Woolderink, 2014). The data
collected in this study agree well with the hydrodynamic pingo-like
structure definition, so the Calderuelas hydrolaccolith might be classi-
fied as such.

The timing of the genesis of the Calderuelas pingo-like is puzzling
because of the inverted 1*C ages obtained from the bottommost seg-
ment of the sediment collected (Table 3). The lowest ages, which are
anomalously young, correspond to the basal unit, mainly composed of
inorganic sands, gravels and pebbles, with a reduced amount of
organic matter that may provide poor radiocarbon results. An addi-
tional possibility to explain inverted ages is contamination from the
upper part of the borehole due to the auger coring system. Finally,
percolation processes mixing different sources of radiocarbon in a
sedimentary landform likely experiencing strong variations in the sub-
surface water levels cannot be discarded either. Although
the chronological data indicate that the Calderuelas pingo-like
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FIGURE 10

(a) 2D-Geoelectric tomography profile showing different resistivity units. See the text for an explanation of the interpretation.

(b) Resistivity differences between winter and summer within the first 8 m depth. Two resistive layers emerge in winter at 1 m depth inside the
resistive unit G1 and 4.5-5 m depth inside the resistive unit G2. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Inverted resistivity model in 1D from winter using VES
procedure.
Layer Mean resistivity (Ohm m) Depth (cm)
G1 1356 394
G2 7375 738
G3 167 >738

structure started its activity sometime between ~4.3 £ 0.1 and ~2.2
+ 0.1 cal ka BP, we favour the *C data collected from the core seg-
ment spanning between 306 and 326 cm (i.e., GU-C09-1) and inter-
pret it as a close minimum limiting age for the formation of the
feature. If correct, the data supports mid-Holocene climate-driven
activity for the Calderuelas pingo-like structure, most likely since
~4.3 + 0.1 cal ka BP (Table 3).

5.2 | Middle to late Holocene environmental and
climatic evolution

Based on cosmogenic-derived chronological data, it is widely accepted
that glaciers in Sierra de Guadarrama disappeared during the transi-
tion between the Late Glacial and the early Holocene around 10 ka
(Marcos et al., 2022; Oliva et al., 2019; Palacios et al., 2012). How-
ever, one °Be age obtained from the innermost moraine reported in
the Hoyo Grande valley, located a few km to the north of the study
site, indicates ice advance culmination at 4.3 + 0.3 ka BP (Carrasco
et al., 2016). Although preliminary, this age suggests that local deglaci-
ation, or at least the cessation of glacial-prone conditions, could occur
coevally with the Calderuelas hydrolaccolith's activity during the mid-
Holocene. This is consistent with the prior interpretation of a paragla-
cial origin of the landslide that promoted the subsequent formation of

the Calderuelas pingo-like feature (Figure 13).
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However, one °Be age obtained from the innermost moraine
reported in the Hoyo Grande valley, located a few kilometres to the
north of the study site, indicates ice advance culmination at 4.3
+ 0.3 ka BP (Carrasco et al., 2016).

At the local-to-regional scale, palynological analysis conducted
on the Guadarrama mountains reveals a marked decline in arboreal
pollen starting at ~4.1 cal ka BP (Franco-Mugica et al., 1998) occur-
ring within a widespread multimillennial aridification trend across
Iberia beginning at ~5.5 ka (Morales-Molino et al., 2013; Turu
et al., 2021). This climate pattern also coincides with the innermost
moraine built-up at Hoyo Grande (Carrasco et al., 2016), a mid-
Holocene neoglacial episode in the northern slope of the Pyrenees
(Cirque de Troumouse; Gellatly et al., 1992) and the eustatic sea
level fall across the Iberian margins between ~6.0 and 3.8 ka

(Herndndez-Molina et al, 1994). At the hemispheric scale, the

FIGURE 11 (a) Core sample section
from 1.5 to 1.9 m depth. (b) Stratigraphic
section based on the core sample and
magnetic susceptibility data. Magnetic
susceptibility profile from unit G1. Dated
samples are labelled as GU-C09b and GU-
C10. Pebbles and gravel from the bottom
of the borehole can be related to the
upper part of Unit G2. A facies-rich
sedimentary sequence is within unit G3,
ranging from rounded gravels to buried
soils, palaeosoils, peat and layers
containing ashes and charcoals. [Colour
figure can be viewed at
wileyonlinelibrary.com]

appearance of the Calderuelas hydrolaccolith is contemporaneous
with the onset of the so-called 4.2 ka Event, which has been gener-
ally associated with intense droughts and colder conditions around
the Mediterranean basin (Bini et al., 2019) occurring each 4.5
+0.5ka (Herndndez-Molina et al, 1994: Turu, 2023; Turu
et al., 2023). The chronology of these long-range climate oscillations
is in line with the formation of the Calderuelas hydrolaccolith, and,
therefore, we interpret that the latter occurred under progressively
drier conditions and slightly colder temperatures potentially
enhanced by local topoclimatic factors.

The data collected in this study also allows inferences regarding
the current environmental and climate controls driving the dynamics
of the Calderuelas hydrolaccolith. The present-day activity of the
landform is assessed regarding UAV-derived and surface/subsurface
(10 cm depth) thermal data.
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FIGURE 12 (a) Bulk organic fraction
from 374 to 366 cm depth, sample GU-
C10-1(H). Millimetre grid (photography
from Beta Analytic, 8-636432). (b) Plant
remains from 374 to 366 cm depth,
sample GU-C10-1(H). Millimetre grid
(photography from Beta Analytic, B-
638078). (c) Bulk organic fraction from
306 to 326 cm depth, sample GU-C09b-1
(H). Millimetre grid (photography from
Beta Analytic, B-636433). (d) Charred
remains from 306 to 326 cm depth,
sample GU-C09%b-1(H). Millimetre grid
(photography from Beta Analytic, B-
639097). [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 AMS determination results and cal BP from INTCAL20, and cal BP ages from INTCAL13 (+NHZ1).

Sample Laboratory Depth pMC Years BP Years cal BP e

GU-C09-1(H) 13-636433 (bulk) 306-326 61.42 +0.23 3910 + 30 4419 to 4244 —25 + 0.1%0

GU-C10-1(H) 3-636432 (bulk) 374-366 75.95 +0.28 2210 + 30 2326 to 2144 —26.2 + 0.1%0
13-638078 (plant) 119.19+ 0.45 —1410 £ 30 —34 to —37 —26.6 £ 0.1%0

The spatial distribution of the documented seasonal variations
(February-July) in height and length broadly coincides with the out-
lined thermal anomaly map. The ground thermal variation between
—0.6 and 7°C observed in the study site matches well with 10-year
direct measurements from the nearby Pefalara Massif (~2000 m a.s.
l.), which ranges between ~0°C in February and 15.95°C in July at
10 cm depth (Palomo-Segovia, 2012), particularly during the coldest
month. These values were obtained in situ, although the freeze condi-
tions affected the hydrolaccolith as supported by the presence of
interstitial ice lenses observed during the winter period (see
Supplementary material). Additionally, a strong linkage between air
temperature and surface/subsurface ground temperatures between
June and December has been reported in the same spots (Palomo-
Segovia, 2012). A climate control dominated by annual temperature
oscillations is invoked to explain the current dynamics of the Calder-
uelas hydrolaccolith. So, it is most likely that vertical variations in the
hydrolaccolith are mostly governed by freeze-thaw cycles, whereas
horizontal development is driven by creeping processes derived from
swelling. These active stages of the feature probably reach their maxi-
mum activity between the fall (October) and early winter (December)

before the onset of the seasonal snow cover, which decouples air and
ground temperatures as reported in the Pefalara Massif (Palomo-
Segovia, 2012).

Seasonal water pools were found on the western limit of the
structure, mostly coinciding with the smaller thermal anomaly,
whereas the eastern portion is characterised by a thermal high, which
might indicate the absence of water underneath and the presence of
a levee front (Figure 9). The presence of a shallow water table is asso-
ciated with the growth of ice lenses during the fall-winter period and
markedly surface deformation (Figure 8). The heterogeneous presence
of seasonal water pools can explain the detected differences in the
uplifting response during the annual evolution of the hydrolaccolith
by controlling surface/subsurface temperatures (Figure 6b).

Overall, the observed surface/subsurface thermal variations in
the Calderuelas hydrolaccolith are most likely promoted by the tight
relationships between meteorological variables along with topogra-
phy, geomorphology, edaphic and biogeographic factors that affect
soil temperatures and, therefore, influence the typical processes
occurring across mountain landscapes (Andrés-de Pablo & Palacios-

Estremera, 2010; Palomo-Segovia, 2012). For instance, the genetic/
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evolutive model proposed considers the hillside orientation as a cru-
cial driver in the Calderuelas Valley ground thermal regime partly due
to its modulation of incoming solar radiation, air temperature and
snow cover duration (Melén-Nava et al., 2022). Although these
variables seem to play a key role in local seasonal ground thermal con-
ductivity in the Calderuelas Valley, a long-lasting monitoring pro-
gramme is needed to understand further the annual thermal regime of
such periglacial landform (Groos et al, 2022; Marcos &
Palacios, 2004; Palacios et al, 2003; Serrano et al., 2020; Vieira
et al., 2003).

53 |
features

Comparison with other Iberian frost mount

Little is known about frost mounds across the Spanish Central System
(~41°N). Pedraza (1987) reported analogous frost mounds accompa-
nied by polygonal grounds in the Sierra de Guadarrama at similar alti-

tudes and topoclimatic conditions to the Calderuelas hydrolaccolith.

FIGURE 13 Genetic and evolutive
model of the Calderuelas hydrolaccolith.
Modified from Ballantyne and Harris
(1994). G1, G2 and G3 are the layers
identified in the geoelectric tomography
(see Figure 10). [Colour figure can be
viewed at wileyonlinelibrary.com]

However, these landforms were smaller in size and currently inactive
(1-3 m in diameter).

Some typologies of frost mounds have been reported across the
Iberian Peninsula, most of them located on the northernmost moun-
tain ranges (Oliva et al., 2018; Serrano et al., 2019). In the central Pyr-
enees (~43°N), Serrano et al. (2019) document the existence of active
frost mounds ranging 1-3 m in diameter up to 2670 m a.s.l. starting at
the so-called middle periglacial belt and continuing across the supra-
periglacial belt, up to 2900 m a.s.l. The morphodynamics of the lower
features were primarily associated with the frozen soil regimes and
snow cover, whereas the highest frost mound evolution was directly
linked to the presence of permafrost scarcely modulated by local
topoclimatic factors (Serrano et al., 2019).

In the Picos de Europa range (~43°N) located in the Cantabrian
Mountains, Serrano et al. (2018) report the presence of active frost
mounds around 1 m in diameter up to 1900 m a.s.l. In this case,
frost mounds have been associated with debris covering relict ice
patches, so their morphodynamics is primarily controlled by variations

in the seasonally frozen ground and nivation processes.
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In southern lberia, specifically in the Sierra Nevada mountains
(~37°N), the existence of frost mounds is still unknown despite their
high altitude and prevailing periglacial conditions above 2500 m a.s.l.
(Oliva et al., 2018; Serrano et al., 2018).

Overall, the Calderuelas pingo-like feature differs from other anal-
ogous periglacial landforms across Iberian mountains in four key
aspects: size, morphodynamics, age of formation and present-day cli-
mate conditions. First, the Calderuelas hydrolaccolith is significantly
larger, reaching 59 and 22.5 m along its axis, in contrast to other frost
mounds reported in the Pyrenees and Picos de Europa of 1-3 m in
diameter (Serrano et al., 2018, 2019). Second, generally, frost mounds
in northern Iberia have been associated with the presence of perma-
frost and/or relict ice lenses, whereas the Calderuelas hydrolaccolith
is directly linked to the frozen ground regime and external subsurface
drainage. Third, all the northern frost mounds developed within the
limits of areas previously glaciated during the Little Ice Age (LIA;
Serrano et al., 2018), suggesting that their formation occurred within
the last centuries (Oliva et al., 2016, 2018). In contrast, radiocarbon
ages suggest that the Calderuelas hydrolaccolith's activity started at
least at ~4.3 + 0.1 cal ka BP and, thus, the upper layer over which the
periglacial activity develops dates back to the mid-Holocene. To
the west of the Iberian Central Systema, a temperature lowering of
almost 1°C is computed at event 4.2 in the Navamuiio peatland (Turu
et al., 2021). Nowadays, Serrano et al. (2019) report mean annual tem-
peratures of the air and the ground between 2670 and 2900 m a.s.l.
in the central Pyrenees spanning 2.5°/—0.5°C and 3°/—2°C, respec-
tively, whereas the nearby Pefalara Massif in the Central System
exhibits significant warmer annual air and ground temperatures of
7°/—0.6°C, respectively at 1800 m a.s.l. Altogether, our findings sug-
gest that the Calderuelas hydrolaccolith could be the largest, older,
warmest and southernmost periglacial landform controlled by the sea-

sonally frozen ground regime of its type in Iberia.

5.4 | Integration of top-to-bottom methodologies

The introduction of geomatic technologies such as LIiDAR and UAVs
opens a broad field of glacial and periglacial landform study. Recent
advances in the study of geomorphological processes have implemen-
ted terrestrial laser scanning and airborne laser technologies (LIDAR
or ALS) to estimate terrain changes in periglacial environments, such
as analysis of rock glacier evolution (Robson et al., 2022), detection of
polygon networks (Beerten et al., 2021), and exploration and monitor-
ing of solifluction processes in alpine landscapes (Holst et al., 2021).
The acquisition of DEMs provides the basis for further numerical
modelling (Abolt et al., 2017) and remote sensing applications neces-
sary for the detailed characterisation and mapping of different fea-
tures (Colucci et al, 2016; Haugerud et al, 2003; Hopkinson &
Demuth, 2006; Jénsson et al., 2014). Characterisation and detection
of frost mounds using LiDAR data gave good results in other regions
where these structures are perennial, such as in the arctic

regions (Jones et al., 2013; Luo et al., 2019), but it is a relatively novel

technique on low-latitudes mountain environments such as the Span-
ish Central System (see Serrano et al., 2018 and references therein).
Amongst the main gains of this technology is the possibility to
rapidly explore remote areas with a dense vegetation cover, obtaining
high-resolution DEMs suitable for detailed mapping. However, point
clouds derived from surface scanning only give information about the
ground surface, and the postprocessing stage requires further power-
ful computer work to assess the acquired datasets properly. Although
most of the National Administrations provide free access to their
LiDAR datasets, the availability of high-resolution datasets does not
always fulfil the needs of geomorphologists, especially when
monitoring certain processes that require several flights per year. Fer-
nandez-Lozano and Gutiérrez-Alonso (2016) have demonstrated that
resolution can be improved by postprocessing LiDAR data with visual
enhancement tools, providing successful results to explore landscape
micromorphologies. Although different algorithms have often been of
interest in archaeological works (Doneus, 2013; Fernandez-Lozano &
Gutiérrez-Alonso, 2016; Kokalj et al., 2011; Zaksek et al., 2011), this
methodological approach has also been adapted for the geomorpho-
logical analysis of glacial and other landforms with great success
(Carrasco et al., 2020; Prima & Yoshida, 2010). However, the applica-
tion of this technology to study a frost mound is relatively new. De la
Barreda-Bautista et al. (2022) described its use for monitoring palsa
area degradation and the existing variations when comparing it with
other remote sensing methods like InSAR. In their study, these
authors suggest that UAV data can improve the dynamics assessment
of such landforms at a local scale. Other research has also shown that
the identification and analysis of periglacial landforms by integrating
multiple remote sensing technologies can offer key upgrades for anal-
ysis (Luo et al., 2019). All these previous works did not use RTK-UAVs,
which forced them to provide ground control points during each flight
to increase high precision and accuracy during the processing of pho-
togrammetry data. This is a time-consuming task and certainly difficult
to accomplish in rough high mountain areas where frost mounds and
other periglacial landforms develop. Our study demonstrates that data
acquisition can be rapidly and accurately performed, saving time and
resources using an RTK-UAV since postprocessing is much easier

and faster than traditional topographic GNSS transformations.

6 | CONCLUSIONS

Unlike other described frost mounds in the Spanish Central System,
the Calderuelas feature, located in the Guadarrama National Park, is
characterised by its major dimensions and millennial prevalence. Its
main morphological characteristics and dynamics, along with the pres-
ence of external hydrodynamics, can be linked with pingo-type struc-
tures. The origin of this feature is associated initially with a mass
movement and derived from solifluction. This is supported by the geo-
electric profiling, which showed a three-layer system comprising an
upper of relatively impermeable sediments layer (G1); an intermediate

layer of gravels and pebbles (G2) representing an aquiclude system
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related to the mass movement, and a bottom layer (G3) comprising
bedrock outcrops. According to these data, we invoked a swelling pro-
cess affecting the structure related to the internal hydrostatic pres-
sure and seasonal freeze-thaw episodes responsible for the
geometric changes, as it is the current process affecting the landform.
Electrical resistivity, in combination with analysis of different ortho-
image periods, allowed us to identify the internal structure and the
groundwater path fed seasonally with water under pressure in
the aquiclude system. This process is invoked to be responsible for
the topographic swelling. According to radiocarbon ages, the activity
of the Calderuelas pingo-like feature started during the mid-Holocene
at ca. 4300 years cal BP, maybe after the demise of permanent ice
bodies that occupied the valley. Monitoring this type of structure
using geomatic technologies successfully improves the analysis of the
geometric changes. However, we are aware that a comprehensive
assessment of controlling factors affecting the development of the
hydrolaccolith requires long-time datasets, yet we consider that our
study yields sufficient data to propose a conceptual model about its
genesis and fundamental behaviour. LIDAR and UAVs are adequate
technologies in accuracy and resolution for the study and description
of surface changes, whilst geophysical techniques and shallow verti-
cal soundings provide key insight for interpreting subsurficial varia-
tions. In addition, thermal monitoring is of great interest in
controlling the behaviour and establishing the mechanisms that gov-
ern the evolution of these landforms. However, it requires large time
windows for detailed analysis of the freezing-thaw processes related
to the periglacial activity. Further research will allow us to analyse
the seasonal thermal regime of the ground in the area. All in all, the
multidisciplinary approach shown in this work allows for gaining
insights into the top-to-bottom characterisation of frost mounds
worldwide. This scientific information will help to improve the
knowledge about its genesis and future evolution. Therefore, to
guarantee the preservation of these landforms, which are strongly
sensitive to climate changes and anthropogenic impacts, more
detailed information about their rise and growth must be deter-
mined, adapting the management plans to facilitate their future pres-

ervation and public awareness.
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