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Abstract: This study addresses the features of the internal structure of the geological layers adjacent
to the Polychrome Hall ceiling of the Cave of Altamira (Spain) and their link to the distribution of
moisture and geological discontinuities mainly as fractures, joints, bedding planes and detachments,
using 3D Ground Penetrating Radar (GPR) mapping. In this research, 3D GPR data were collected
with 300 MHz, 800 MHz and 1.6 GHz center frequency antennas. The data recorded with these
three frequency antennas were combined to further our understanding of the layout of geological
discontinuities and how they link to the moisture or water inputs that infiltrate and reach the ceiling
surface where the rock art of the Polychrome Hall is located. The same 1 × 1 m2 area was adopted
for 3D data acquisition with the three antennas, obtaining 3D isosurface (isoattribute-surface) images
of internal distribution of moisture and structural features of the Polychrome Hall ceiling. The results
derived from this study reveal significant insights into the overlying karst strata of Polychrome
Hall, particularly the interface between the Polychrome Layer and the underlying Dolomitic Layer.
The results show moisture patterns associated with geological features such as fractures, joints,
detachments of strata and microcatchments, elucidating the mechanisms driving capillary rise and
water infiltration coming from higher altitudes. The study primarily identifies areas of increased
moisture content, correlating with earlier observations and enhancing our understanding of water
infiltration patterns. This underscores the utility of 3D GPR as an essential tool for informing and
putting conservation measures into practice. By delineating subsurface structures and moisture
dynamics, this research contributes to a deeper analysis of the deterioration processes directly
associated with the infiltration water both in this ceiling and in the rest of the Cave of Altamira,
providing information to determine its future geological and hydrogeological evolution.

Keywords: moisture mapping; Ground Penetrating Radar; 3D modeling; preventive conservation;
capillary rise; stratigraphic interpretation; rock art; geomatics

1. Introduction

The Cave of Altamira, located in Santillana del Mar in the autonomous community
of Cantabria in Northern Spain, is a relevant site for human Cultural Heritage, renowned
for its prehistoric rock art dating back thousands of years. The cave extends about 290 m
and broadens at key locations, most notably the Polychrome Hall, which houses its distin-
guished paintings and engravings dating from more than 35,000 years ago to 14,000 years
ago, including the group of polychrome bison on the Polychrome Hall ceiling (Figure 1).
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Altamira holds historical significance as the first cave where Paleolithic rock art was discov-
ered. Its significant archaeological deposits and globally recognized artworks culminated
in its designation as a UNESCO World Heritage Site in 1985.

Remote Sens. 2022, 14, x FOR PEER REVIEW 2 of 29 
 

 

its distinguished paintings and engravings dating from more than 35,000 years ago to 
14,000 years ago, including the group of polychrome bison on the Polychrome Hall ceil-
ing (Figure 1). Altamira holds historical significance as the first cave where Paleolithic 
rock art was discovered. Its significant archaeological deposits and globally recognized 
artworks culminated in its designation as a UNESCO World Heritage Site in 1985. 

Over millennia, the cave has served as a recurring site for hunter-gatherer societies, 
clear in the many representations of animal figures and signs, among other things 
scattered throughout its halls and galleries a testament to a prolonged artistic creation 
process. Despite its historical significance, the cave’s conservation faces challenges, par-
ticularly concerning the conservation of its ancient rock art on the Polychrome Hall ceil-
ing. 

 

Figure 1. (a) Location map of the Cave of Altamira (b) Projection of the Cave of Altamira on the 
orthoimage, indicating in a red frame the position of (c) the Polychrome Hall with the rock art or-
thoimage overlayed. 

The Cave of Altamira is framed within the regional structure of a large syncline 
called Santillana-San Román, with a NE–SW orientation. The Cave of Altamira began its 
development in the Pliocene and forms part of the upper zone of a karstic complex. The 
Altamira Formation is a carbonate series of Cenomanian age (Middle-Upper Cretaceous). 
The structure and lithology of the Cretaceous calcareous section where the cave is located 
(Altamira Formation), the reduced strata thickness, with thin marl intercalations, the 
sub-horizontal stratification and its high degree of fracturing mean that gravitational 
subsidence is one of the most outstanding morphological features. In its present state, the 
Cave of Altamira can be classified as a senile cave in a phase of dismantling by collapse, 
with a low development of lithochemical reconstruction processes [1,2]. In particular, the 
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Over millennia, the cave has served as a recurring site for hunter-gatherer societies,
clear in the many representations of animal figures and signs, among other things scattered
throughout its halls and galleries a testament to a prolonged artistic creation process.
Despite its historical significance, the cave’s conservation faces challenges, particularly
concerning the conservation of its ancient rock art on the Polychrome Hall ceiling.

The Cave of Altamira is framed within the regional structure of a large syncline
called Santillana-San Román, with a NE–SW orientation. The Cave of Altamira began its
development in the Pliocene and forms part of the upper zone of a karstic complex. The
Altamira Formation is a carbonate series of Cenomanian age (Middle-Upper Cretaceous).
The structure and lithology of the Cretaceous calcareous section where the cave is located
(Altamira Formation), the reduced strata thickness, with thin marl intercalations, the sub-
horizontal stratification and its high degree of fracturing mean that gravitational subsidence
is one of the most outstanding morphological features. In its present state, the Cave of
Altamira can be classified as a senile cave in a phase of dismantling by collapse, with a low
development of lithochemical reconstruction processes [1,2]. In particular, the layers that
form the overlying strata of the Polychrome Hall, from the ceiling to the ground surface,
are as follows [3]:
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• Polychrome Layer, consisting of 0.70–0.8 m of whitish-colored limestones. The base
of the Polychrome Layer is the ceiling of the Polychrome Hall where the polychrome
bison paintings are located.

• Dolomitic Layer, made up of 0.10–0.25 m of highly dolomitized limestone. This
Dolomitic Layer is separated from the Polychrome Layer by a loamy-clay intercalation.

• The Fissured Layer, consisting of a 1.3 m package of fissured and karstified limestone.
• Orange Layer, made up of 0.8 m of orange-colored micritic limestones.
• Upper Layer, where 2 m of yellowish limestones and calcarenites with a 0.2 m marly

intercalation can be recognized.

The overlying layer, where the bedrock thickness does not exceed nine meters, exhibits
signs of brecciation and dissolution, with accumulations of clays and minerals, such as
dolomite particles. There is significant decompression both within the Polychrome Layer
and in the overlying Dolomitic, Fissured Orange and Upper layers. The structural char-
acteristics of the bedrock have also been altered by the sealing of surface fractures in the
Polychrome Layer with Portland cement in the 1920s and 1930s, which likely blocked the
direct pathways for rainwater infiltration [4]. In the Polychrome ceiling, water movement
is influenced by surface tension, a capillary phenomenon resulting from the physical and
chemical properties of water and the inherent porosity of the calcareous rock. This process,
characteristic of karstic environments, is crucial in redistributing water through the Poly-
chrome ceiling and contributing to the formation of calcifications and geological structures.

Leading publications in this field [5] underline the importance of collecting key data
through remote sensing [6–9] for the safeguarding of Cultural Heritage, with the aim of
integrating geospatial analysis with geophysical techniques. The non-invasive feature
and high resolutions of geophysical methods allow accurate mapping of discontinuities in
geological complexes [10–14]. The use of geophysical methods provides information on the
geological environment, helping to improve the results obtained with geological research
methods for the study of the internal structure of karst systems [15–20]. Nowadays, Ground
Penetrating Radar (GPR) has become the most widely used geophysical tool to pinpoint
and locate discontinuities within the rock mass of the karst system, such as fractures, joints,
voids, bedding planes and detachments and moisture zones [21–31]. These features make
the GPR technique suitable for the study of karst formations with prehistoric art [32–35].

Several GPR campaigns have been conducted with different frequency antennas in
2017, 2018 and 2022, as shown in Figure 2b–e and Table 1, to characterize the real conser-
vation problems affecting the Ceiling, primarily related to the fractures associated with
varying depths of water infiltration, which impact the preservation of the rock art [36–39].
These challenges require a deeper understanding of the geological and hydrological pro-
cesses affecting the cave’s stability and rock art preservation. Building on the GPR results
of previous campaigns conducted at the Cave of Altamira, a GPR campaign was carried
out in April 2023, with the aim of furthering our understanding of the geological and
hydrological dynamics within the cave. In this campaign, antennas of different frequencies
(Table 1) were used to map the moisture distribution and identify structural features in
the rock formations on the ceiling of the Polychrome Hall that support the cave paintings,
particularly focusing on the control area designated as ALT1. The aim of this study was
to investigate the interaction between moisture infiltration, geological structures, and the
preservation of rock art in ALT1. These efforts have yielded significant insights into the
spatial distribution of moisture and its correlation with geological features like fissures
and microchannels.

In the 2023 campaign, which focused on the multisensory analysis of the moisture
course [38], the ALT1 control zone was studied. This ALT1 control zone is located in the
center of the ceiling of the Polychrome Hall (Figure 3a). In this control zone there is a
prominent Upper Palaeolithic abstract sign: a large red claviform near the hind legs of one
of the large polychrome bison.
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Figure 2. Overview of previous GPR studies conducted in the Altamira Cave and Polychrome Hall
ceiling: (a) 100 MHz exterior grid 3 × 3 m, (b) 400 MHz exterior grid 1 × 1 m, (c) 900 MHz exterior
grid 1 × 1 m, (d) 400 and 900 MHz interior reflection profiles (indicated with white lines), and location
of area around ALT1 (indicated with a red square), (e) 1.6 GHz interior grid 5 × 5 cm in 2022.

Table 1. Frequency antennas used on the exterior and interior of the Polychrome Hall ceiling of the
Cave of Altamira in the different GPR campaigns.

Campaign Year Cave Exterior
Antenna Frequencies

Polychrome Hall Ceiling (Inside the Cave)
Antenna Frequencies

2017–2018 900–400–100 MHz 900–400 MHz
2022 1.6 GHz
2023 300–800–1.6 GHz

In the broader scientific landscape, it is well-established that multiple factors drive
moisture infiltration into cave environments and impact the preservation of rock art. While
some studies emphasize the direct correlation between fissures and moisture ingress, others
highlight the role of complex hydrological networks in transporting moisture over vast
distances within cave systems, and a third factor considers the impact of condensation
water on both water distribution and conservation within these environments.

In the case of Altamira, the three factors are evident: the karst and its dip influence
the water supply, the vertical or subvertical fractures provide a direct water supply and
condensation water contributes to moisture zones within the cave system.
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light-green line marks the path of the central fracture that runs across the ceiling from west to east.
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line indicating the central crack, which has been sealed with cement.

This research aims to follow up on previous studies by carrying out a rigorous and
detailed analysis of the internal geological structures present in overlaying strata between
the outer covering and the cave’s ceilings. By using Ground Penetrating Radar (GPR)
technique at different frequencies, 300 MHz, 800 MHz and 1.6 GHz as shown in Table 1,
we aim to offer the tools to obtain relevant information through non-invasive techniques,
highly respectful of the Cave, providing access to internal morphology and detail of relevant
areas for conservation concerns. The comparison of antennas used in GPR surveys reveals
a balance between resolution and penetration depth (Table 2). The high-frequency 1.6 GHz
antenna delivers excellent resolution, able to detect features as small as 2 cm, but it is
limited to a penetration depth of approximately 0.4 to 0.5 m [40,41]. On the other hand, the
800 MHz and 300 MHz antennas, while offering lower resolution, can penetrate up to 4 m,
making them more suitable for deeper subsurface investigations. This flexibility allows
these frequencies to meet conservation objectives by balancing the need for high resolution
with the requirement for deeper geological penetration, ensuring effective subsurface
imaging and sensing for preservation efforts [42–47].

Table 2. Comparison of the parameters for the 1.6 GHz, 800 MHz and 300 MHz antennas utilized on
the ceiling of the Polychrome Hall during the 2023 survey campaign.

Frequency 1.6 GHz 800 MHz 300 MHz

Frequency Range 1.3–1.9 GHz 0.5–1.0 GHz 0.2–0.4 GHz
Wavelength in Air (m) ~0.1875 ~0.375 ~1.0

Wavelength (m) (ε = 7.5) ~0.0684 ~0.136 ~0.364
Minimum Resolution (m) (ε = 7.5) ~0.0342 ~0.068 ~0.182

Estimated Maximum Depth (m) (ε = 7.5) N = 20 ~1.1 m ~2.2 m ~6.0 m
Estimated Maximum Depth (m) (ε = 7.5) N = 100 ~0.4 m ~0.8 m ~2.0 m

Vertical and Horizontal Resolution 0.0342 m 0.068 m 0.182 m
Image Clarity (Entropy) 0.8–1.0 0.6–0.8 0.4–0.6

Signal Attenuation High (50–70 dB) Moderate (30–50 dB) Low (10–30 dB)
Antenna Gain High (20–30 dB) Moderate (15–25 dB) Low (10–20 dB)

Antenna Beamwidth 15◦ 30◦ 45◦

Signal-to-Noise Ratio (SNR) 15 dB 10 dB 5 dB
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Through analysis and interpretation of GPR data, this study endeavors to provide
valuable insights into Altamira geological evolution, structural stability and ongoing con-
servation challenges. By digging into the processes of deterioration affecting the cave
structural stability and indirectly affecting conservation issues related to water infiltration,
this research opens the door to implementing preventive measures that guarantee the
preservation and sustainability of this Cultural Heritage site, thus, offering a better under-
standing of some of the most relevant aspects for the conservation of the art of Altamira.

Despite these efforts, there remains a need to further elucidate the geological complex-
ities within the Altamira Cave, particularly focusing on areas like ALT1, which are critical
for understanding the interaction between moisture infiltration, geological structures and
the preservation of rock art. This study builds on the foundations laid by earlier research
campaigns to comprehensively analyze the geological and hydrological dynamics of the
Polychrome ceiling in Altamira Cave, offering valuable insights for conservation efforts.
This non-invasive geophysical test aims to monitor, by means of 3D mapping, the net-
work of discontinuities (fractures, joints, bedding planes, detachments) and moisture areas
present in the overlying layer around the ALT1 control area, from the Upper Layer to the
basal surface (Polychrome Layer) of the ceiling of the Polychrome Hall. These factors affect
the cave’s stability and induce significant changes in the circulation of infiltration water,
generating processes of concretion, microcorrosion, dissolution and dragging of paint [48].
This 3D mapping can also provide information on the role played by the water dynamics
associated with the monitored section of the central crack (Figure 3), located about 70 cm
from our ALT1 control area.

2. Materials and Methods
2.1. Study Area and Design

In the Polychrome Hall, curators have monitored different conservation-sensitive
areas. Among these areas is our designated zone, ALT1, in the center of the Polychrome
Hall and closely associated with prehistoric paintings, including a prominent sign known
as the "claviform" where one of the large polychrome bison is arranged (Figure 4).

The choice of the ALT1 control area within the Polychrome Hall was informed by
earlier research indicating microchannels, fractures, and other geological anomalies that
could affect the preservation of the paintings. These anomalies facilitated water infiltration,
allowing moisture to access the control area through internal fractures.

The study design incorporated campaigns conducted during different seasons or
periods of the year to capture temporal variations and assess the long-term dynamics of
water infiltration processes associated with the main internal cracks, fractures and fissures
within the Polychrome Hall. This seasonal approach helped with the monitoring of changes
in moisture distribution, fracture patterns and other geological parameters over time,
providing valuable insights into the underlying processes shaping the cave environment
and its impact on rock art preservation.

Through the systematic collection of data using Ground Penetrating Radar (GPR)
techniques and advanced data processing methods, the study has allowed us to determine
the main internal fractures of the ceiling in the ALT1 control area directly involved with
the access of seepage water leading to migrations and pigment washing. In addition, this
study has helped us to understand in greater detail the internal geological structure directly
involved in the stability processes of the rock mass. This interdisciplinary approach aimed
to provide a comprehensive understanding of the complex interplay between geological
processes, environmental factors and the preservation of this globally significant cave and
its rock art.
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2.2. General Workflow Diagram

The data integration process (Figure 5) began with the establishment of a precise
reference frame using the Topcon Hyper II [49] (Topcon Corporation, Tokyo, Japan) Global
Navigation Satellite System (GNSS) [50,51], which ensured accurate alignment to the
European Terrestrial Reference System 1989 (ETRS89). A closed traverse was then carried
out using a Topcon GPT-7503 total station (Topcon Corporation, Tokyo, Japan) [52], with
16 stations set out over a distance of 430 m. Checkerboard markers distributed throughout
the cave were used for radiation measurements to ensure accurate georeferencing. A 3D
model of the cave was then constructed using 3D terrestrial laser scanning (3DTLS) with
a Faro Focus X-130 scanner (Faro Technologies Inc., Lake Mary, USA) [53]. This required
300 individual scans and achieved a 95% point adjustment accuracy of 2.7 mm, providing
the necessary reference for the photogrammetry process [54,55].
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In a previous photogrammetry campaign conducted in 2014 [56], the ceiling of the
Polychrome Hall was captured using a Hasselblad H4 D-200 MS camera (Gothenburg,
Sweden), achieving a minimum resolution of 16 pixels per mm2. These images were
processed to create a high-density point cloud, which was later refined into a high-resolution
3D digital model of the ceiling. This model enabled the generation of a gigapixel orthoimage
and a simplified polygonal model, both of which played an essential role in hydrological
calculations to assess water flow patterns and identify possible water infiltration points
towards the Polychrome Hall [36–39].

In February 2022, a dual-axis slider system made with three 1.2 m sliders designed
to cover a 1 m2 control area (ALT1) was used in a campaign aimed at estimating the
distribution of moisture and discontinuities within the first few centimeters of the support
rock where the polychrome paintings are located. A GPR antenna with a central frequency
of 1.6 GHz was used to collect 2D radargrams on a 5 × 5 cm orthogonal profile grid, enabling
the generation of 3D models, including 3D horizontal slices. The result offered valuable
insights into the subsurface conditions that impact the preservation of the paintings.

Building on these findings, a more complete study was conducted in April 2023 using
both single and dual-frequency GPR antennas (300/800 MHz and 1.6 GHz). This campaign
aimed to further investigate the influence of the central fracture on moisture distribution.
The data collection involved adjacent profile grids on either side of the central fracture,
with grid dimensions varying according to the frequency used. The slider system ensured
precise and consistent data collection during this campaign as well. This study deepened
our understanding of the internal structure of the rock mass and its impact on the stability
and preservation of the cave’s rock art.

2.3. GPR of ALT1 Control Area
2.3.1. GPR Data Acquisition

Ground Penetrating Radar (GPR) was employed as the primary geophysical technique
to investigate the subsurface structure and moisture distribution within the Polychrome
Hall ALT1 control area. GPR offers a non-invasive and high-resolution method for imaging
subsurface features by emitting electromagnetic pulses into the ground and recording the
reflections from geological interfaces and moisture content variations.

The GPR surveys were conducted using equipment capable of capturing detailed
subsurface images with high spatial resolution, using an SIR 4000 system manufactured
by Geophysical Survey Systems, Inc. (GSSI, Nashua, NH, USA). Two GPR antennas (one
of them dual) were used to cover a broad range of frequencies and penetration depths,
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allowing for comprehensive subsurface characterization with three different resolutions
(Table 2):

• 1.6 GHz antenna: This high-frequency antenna was used to capture fine details of the
near-surface layers of the ceiling and detect subtle variations in moisture content and
geological structures. Its short wavelength provided high-resolution images suitable
for mapping fractures, microchannels and other shallow features within the rock
formations.

• 300/800 MHz dual-frequency antenna: The dual-frequency antenna provided versa-
tility, enabling deeper penetration into the subsurface while maintaining reasonable
resolution. The lower frequency (300 MHz) facilitated imaging of deeper geologi-
cal interfaces and moisture distributions, documenting moisture zones associated
with fractures closer to the surface of the Polychrome ceiling. The higher frequency
(800 MHz) offered enhanced resolution for detailed characterization of shallower layer
features (discontinuities and moistures) located close to the rock paintings.

Due to the presence of delicate cave paintings on the ceiling of the Polychrome Hall,
the GPR data collection was performed using a bow-tie antenna to avoid any physical
contact with the artwork, thereby minimizing the risk of damage. The height at which
the antenna was positioned had to be carefully managed as it affected the quality of the
data. To mitigate this effect and maintain the required minimum ceiling clearance, the
data acquisition heights were adjusted according to the antenna frequency. For the dual
frequency 300/800 MHz antenna, the height was set to 20 cm (Figure 6a), and for the
1.6 GHz antenna, it was lowered to 10 cm (Figure 6b). However, the irregularities of the
ceiling, characterized by pronounced protrusions, caused the distances to fluctuate. In some
areas, the antenna was positioned as close as 10 cm, while in other areas the distance was
greater, requiring continuous verification to ensure safe clearance. These antenna heights
optimized energy transfer into the rock mass and reduced air coupling effects, which was
critical to obtaining high quality GPR data [57,58]. The setup allowed penetration depths
of up to 50 cm with the 1.6 GHz antenna, 2.8 m with the 800 MHz antenna and 4.3 m with
the 300 MHz antenna, while maintaining high-resolution imaging capabilities [40,44,59].
The GPR surveys were conducted using a dual-axis slider system equipped with three
1.2 m sliders, designed to cover a 1 m2 control area (Figure 6). This system ensured
controlled movement and consistent data collection along predefined trajectories. During
data acquisition, consistent survey parameters such as antenna orientation and odometry
were maintained. The slider position was 3D scanned to accurate georeferencing and
spatial registration of the data.

During data collection, the GPR system operated in continuous-wave mode, emitting
electromagnetic pulses into the subsurface at regular intervals along the survey lines. Simul-
taneously, the system recorded the amplitude and travel time of reflected signals, capturing
detailed information about subsurface features, interfaces and moisture content variations.

To ensure comprehensive coverage and reduce data gaps, the GPR profiles were
spaced closely, with overlapping regions between adjacent lines. A 300/800 MHz antenna
was used on the slider with a 10 × 10 cm equidistance grid (Figure 7a), while a 1.6 GHz
antenna was employed with a 5 × 5 cm equidistance grid (Figure 7b). This setup facilitated
precise mapping of internal fractures and potential water infiltration points, crucial for
understanding rock mass stability and preserving the cave’s rock art.

To enhance data quality and reduce noise interference, consistent antenna positioning,
orientation and scan speed were maintained throughout data acquisition. These measures
were crucial in achieving high-resolution subsurface profiles and 3D models.
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2.3.2. Data Processing

The processing of the GPR field data has followed the processing steps for A-scan,
B-scan and C-scan of the GPR signal that were performed in the previous campaigns [37,38].
The use of the Hilbert transform (instantaneous amplitude) attribute in the interpretation
of GPR data allows for increased understanding of the internal structure of the Polychrome
Layer by characterizing the electromagnetic response to moisture zones within the layer
over time. In addition, articles [37,38] describe the various factors, including disconti-
nuities, that influence the amplitude of the electromagnetic wave. Furthermore, these
considerations of how the instantaneous amplitude can be equivalent to the moisture
content distribution and what other factors can also cause changes in amplitude have been
based on contributions from several authors [12,31,46,47,60–71].

The average GPR wave velocity was determined using the hyperbolic fitting method
on a series of hyperbolas recorded across different reflection profiles for the three-frequency
antennas. This resulted in a mean velocity of 0.111 m/ns. The dielectric permittivity (E)
was calculated to be 7.2, following the low-loss media equation described in [60,62,72]. This
velocity was then used for time-to-depth conversion and Kirchhoff migration during the
2D processing of the GPR data.

The raw GPR data obtained from the three different antennas underwent post-
acquisition processing before amplitude maps were created and 3D images were gen-
erated from the reflection profiles. Basic processing steps were applied to the raw data,
followed by a Hilbert transform attribute (instantaneous magnitude) using RADAN 7.6
software (Geophysical Survey Systems, Inc., GSSI, Nashua, NH, USA) [73]. Initially, 1D
processing was performed, starting with zero-time correction. Then, 2D processing was
applied to the reflection profiles, which included the following: (i) background removal;
(ii) bandpass filtering; (iii) application of linear amplitude gains; (iv) Kirchhoff migration
with the calculated mean velocity (0.111 m/ns); (v) time-to-depth conversion using the
same mean velocity and (vi) Hilbert transform attribute for instantaneous magnitude. Once
processed, each reflector profile was aligned within the grid to generate horizontal 3D
amplitude maps and isosurface images that helped to identify significant moisture/water
zones. Amplitude slice maps were created at different depths, revealing subsurface mois-
ture/water features to depths of 50 cm with the 1.6 GHz antenna, 2.8 m with the 800 MHz
antenna and 4.3 m with the 300 MHz antenna. These depth-slice maps allowed for the
identification of moisture-rich areas at fixed depths. After generating the depth maps, the
highest amplitude values from all profiles were plotted on an isosurface image. This image
was color-coded to emphasize the highest amplitudes, while lower values were rendered
transparent, simplifying the visualization and interpretation of the main moisture/water
zones in the surveyed ceiling strata.

Data quality assessment procedures, such as visual inspection of refraction profiles,
signal-to-noise ratio analysis and comparisons with ancillary data (e.g., surface topography
and geological surveys) were used to identify and correlate contact layers in the GPR data
according to geological stratigraphy [60,62,74].

3. Results

The interpretation of GPR data has revealed significant findings that contribute to
our understanding of the Polychrome Hall ceiling geological structure and hydrological
processes involved in the conservation of painting. In addition, complimentary datasets,
such as basins, streams, drip points, cracks and fractures (Figure 8), were integrated with
the results of the GPR data to help with a comprehensive interpretation and analysis. This
interdisciplinary approach enabled the identification of subsurface structures, moisture
dynamics and geological features relevant to the study objectives. Thus, the interpretation
of the GPR results involved the qualitative and quantitative analysis of subsurface images,
identification of geological interfaces and characterization of moisture content variations.
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3.1. Detection of Subsurface Features

The GPR survey conducted in the Polychrome Hall enabled the detection and charac-
terization of various subsurface features crucial for understanding the ceiling geological
and hydrological dynamics (Figure 9). The interpretation of GPR data revealed diverse
features, including fractures, geological interfaces, sedimentary layers and moisture related
to discontinuities directly related to the supply of moisture or infiltration water to the
uppermost layers of the Polychrome ceiling.

Fractures and fissures were prominently identified throughout the surveyed, taking
into account their orientations, lengths and degrees of connectivity area at different depth
penetration ranges according to the frequency antennas used (Figure 9b–e). These features
reflect the complex tectonic history and structural framework of the cave system. The
distribution and density of fractures not only provide insights into the mechanical prop-
erties of the rock mass but also indicate potential pathways for fluid migration and small
dragged deposits of the type of clay particles, quartz, limestone, etc. within the subsurface
environment, considering their dip and involvement in moisture-related discontinuities in
the study area.

Moreover, the GPR data facilitated the mapping of geological interfaces, such as
bedding planes, joints and contacts between different lithological units (Figure 9b–d). These
interfaces play a significant role in delineating the geological stratigraphic architecture of
the cave and can influence overlying layer flow patterns and the distribution of moisture
within the subsurface layers.

Sedimentary layers, including limestone deposits, were discerned from the GPR data,
allowing for the characterization of the depositional history and lithological heterogeneity
within the cave. The identification of sedimentary sequences provides valuable information
for reconstructing past environmental conditions and interpreting the geological evolution
of the cave system.

Furthermore, the GPR survey facilitated the detection of moisture-related zones, such
as areas of high moisture content, water infiltration zones and points of active dripping.
These zones are indicative of localized hydrological processes, including percolation, con-
densation and capillary rise, which influence the distribution of moisture on the surface
of the Polychrome ceiling. Understanding the spatial variability of moisture dynamics is
crucial for assessing the preservation of rock art and geological formations.
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3.2. Characterization of Moisture Dynamics

The GPR data analysis enabled a comprehensive characterization of moisture dy-
namics within the studied area of the Polychrome Hall ceiling, shedding light on the
spatial distribution, temporal variability and hydrological processes governing moisture
movement within this specific part of the cave environment.

The area of moisture directly implicated with the pigment drip points at ALT1 and
recorded by the 1.6 GHz antenna in February 2022 was at a depth of 3 cm from the Ceiling
surface. The survey carried out on 26 April 2023, with the same antenna, and for the
same control area, relates a series of moisture zones at a depth of 9 cm from the Ceiling
surface, with the one described above from the February 2022 campaign (Figure 10). This
being a first approximation, and considering the need to obtain new data for different
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periods, we propose that there is a dynamic in terms of water infiltration that, through
the fractures, fissures and internal stratification planes, percolates to the surface of the
Ceiling. We consider that the internal moisture zones mapped in our ALT1 control area
on 17 February 2022 has had an impact, from April of the same year, on the washing of
pigment in the drip points within the ALT1 control area, as well as causing the migration
of paint in other associated drip points. In addition, the moisture zone recorded in April
2023 at a depth of 9 cm and above was directly involved in the paint washing processes at
the same drip points and possibly others in April 2024.
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In addition, it is likely that the moisture zone recorded in April 2023 at a depth of
9 cm and above is responsible for some of the pigment loss associated with the drip points
located in ALT 1 that were recorded in April 2024. Further data collection over different
time periods is needed to refine these observations and better understand the dynamics of
moisture affecting the cave rock art.
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Furthermore, the GPR analysis provided insights into the temporal variability of
moisture content within ALT1 control area, including how this influences the degradation
processes of the paint. By conducting repeated surveys at different time intervals, changes
in moisture depths over time can be monitored. This approach allows for the identification
of seasonal fluctuations, short-term hydrological events and long-term trends in moisture
infiltration and redistribution. Understanding the temporal dynamics of moisture infiltra-
tion is important for assessing the vulnerability on the preservation of the paintings and its
relation to the degradation processes that lead to microcorrosion of the supporting rock
and, consequently, to the loss of adhesion of the pigment that generates the migration and
washing away of the pigment. It also reveals internal changes, such as the reservoir effect
of moisture, where saturation in one area can lead to water access in other internal areas,
akin to a communicating vessels effect.

Additionally, the GPR survey facilitated the characterization of moisture retention
zones and storage reservoirs within the subsurface environment. By identifying areas
with high moisture content and delineating their spatial extent, the survey highlighted
regions where water accumulates and persists over time. These moisture retention zones
play a critical role in sustaining cave ecosystems, supporting microbial communities and
influencing the growth of speleothems and other calcite deposits, while also inducing
microcorrosion processes in combination with the accumulation or concentrations of CO2,
largely originating from the outside vegetation near the cave [75].

The GPR data offered valuable insights into how moisture dynamics interact with the
cave’s rock art features. By correlating moisture anomalies with the distribution of paintings,
the survey highlighted potential impacts of moisture infiltration on the conservation of the
existing art in this control area. Understanding these interactions is crucial for developing
conservation strategies aimed at preserving the cave art, particularly on the ceiling of the
Polychrome Hall, where moisture infiltration poses a significant risk to its preservation
(Figure 11).
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3.3. Mapping of Geological Interfaces

The GPR survey provided detailed mapping of geological interfaces within the Poly-
chrome Hall, offering insights into the subsurface structure and stratigraphy of the cave
system.

One of the primary outcomes of the GPR analysis was the delineation of stratigraphic
boundaries present in this area of interest and their correlation with the geological layers
of the cave. By analyzing the reflections from subsurface interfaces, the survey identified
distinct layers corresponding to different lithological units, such as limestone and dolomite.
These stratigraphic boundaries are crucial for understanding the geological history of the
cave, including depositional processes, sedimentary sequences and tectonic events that
have shaped the landscape over time.

Furthermore, the GPR data revealed the presence of structural features such as frac-
tures, faults and joints that intersect the geological layers within the cave. These structural
discontinuities play a significant role in controlling the flow of water, gases and nutrients
through the subsurface environment.

Moreover, the mapping of geological interfaces enabled the identification of karst
features such as dissolution cavities, conduits and void spaces within the limestone bedrock.
These karst features are critical components of the cave hydrological system, serving as
conduits for groundwater flow and reservoirs for water storage. By delineating the spatial
extent of karst features, the GPR survey contributed to the understanding of overlying layer
flow patterns, recharge mechanisms and hydrological connectivity within the cave network.

Additionally, the GPR data facilitated the characterization of sedimentary deposits
and alluvial fill within the overlying layer. By mapping the distribution and geometry
of sedimentary layers, the survey enhanced our understanding of overlying layer sed-
imentology, including sediment transport mechanisms, depositional environments and
paleoenvironmental reconstructions.

3.4. Correlation with Previous Studies

Comparing the findings of the current GPR survey with earlier studies conducted
in the Polychrome Hall ceiling provided valuable insights into the temporal and spatial
variability of subsurface features and moisture dynamics within the overlying layer system.
The GPR survey results were compared with data obtained from earlier studies, revealing
both consistencies and discrepancies between the findings. This comparative analysis shed
light on the dynamic nature of the cave environment and the limitations of individual
survey techniques.

One notable part of the correlation analysis was the confirmation of previously iden-
tified geological interfaces and structural features within the cave. The GPR data corrob-
orated the existence of stratigraphic boundaries, fractures and karst features reported in
earlier studies, showing the reliability and reproducibility of the survey methodology. This
consistency in the identification of subsurface features across different studies enhances
confidence in the interpretation of cave hydrogeology and geological processes.

However, discrepancies between the current GPR results and earlier findings were
also seen, particularly regarding the spatial distribution and intensity of moisture dynamics
within the cave. While earlier studies may have provided qualitative descriptions or
localized measurements of moisture content, the GPR survey offered a more comprehensive
and quantitative assessment of subsurface moisture patterns. Discrepancies in moisture
dynamics between the current study and earlier investigations may arise from differences in
survey resolution, data interpretation techniques or temporal variations in environmental
conditions, water distribution and internal moisture.

The correlation analysis highlighted the importance of temporal monitoring and
multi-methodological approaches in overlying layer research. By integrating data from
multiple surveys conducted over different time periods and using diverse techniques,
researchers can gain a more holistic understanding of the dynamics of the moisture bathing
the ceilings of the Cave, especially the Polychrome Ceiling, and improve the accuracy of
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environmental assessments. To further corroborate the data, future studies could enhance
the analysis by correlating external precipitation processes with the time factor and their
internal accumulation through fracture lines.

As for the specific moisture dynamics seen within the ALT1 area, direct correlation was
made with the points of pigment dripping (Figure 10a) recorded by the 1.6 GHz antenna in
February 2022. This moisture, previously at a depth of between 3 and 5 cm, is documented
months later at a greater depth some 9 cm above its previous position. This observation
indicates a significant shift in moisture distribution over time, with implications to preserve
cave art. The analysis suggests that moisture present in February 2022 contributed to the
washing of pigment dripping points in April, May and June 2022, and the current moisture
depths, documented in April 2023, are slightly higher and have affected the pigment close
to the drip points associated with our control area ALT1, as well as other control areas
separated by a few centimeters from it (ALT12) in April 2024. This reflection underscores
the dynamic nature of moisture infiltration and its potential effects on the conservation of
cave art over successive years (Figure 12).
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Figure 12. Evolution of moisture in the ALT1 control area. The highlighted boxes indicate significant
changes in moisture depths relative to depth. In February 2022, higher moisture zones were observed
at lower depths, while in April 2023, lower moisture zones were recorded at lower depths. The
moisture recorded between April and June, which was involved in paint drips, has already reached
the surface of the Ceiling; therefore, it was not detected by the 1.6 GHz antenna on 26 April 2023. The
blue arrow connects the moisture moisture zones that, year after year, are associated with pigment
dragging drips in ALT1.

3.5. Antennas Comparison

The comparison between different antennas operating at frequencies of 1.6 GHz,
800 MHz and 300 MHz provided valuable insights into the subsurface features of the
Polychrome Hall within the Cave of Altamira. Each antenna frequency offered unique ad-
vantages and limitations, contributing to a comprehensive understanding of the geological
and hydrological dynamics within the cave environment.

1.6 GHz Antenna: This antenna showed superior resolution, allowing for detailed
imaging of shallow subsurface features with high precision. This antenna frequency proved
effective in delineating fine-scale geological structures and moisture anomalies within the
ALT 1 control area of Polychrome ceiling. By capturing subtle variations in moisture content
and stratigraphic boundaries, the 1.6 GHz antenna helped with the identification of prefer-
ential flow pathways and moisture retention zones critical for understanding hydrological
processes affecting the conservation of the art on the ceiling of the Polychrome Hall.

800 MHz Antenna: The 800 MHz antenna offered a balance between resolution and
depth penetration, providing intermediate-level imaging of subsurface features within
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the Polychrome Hall. This antenna frequency captured broader geological features and
moisture patterns compared to the 1.6 GHz antenna, enabling the visualization of both
shallow and moderately deep subsurface layers. While lacking the resolution of the higher-
frequency antenna, the 800 MHz antenna provided valuable information on the spatial
distribution of moisture and geological structures at a more extensive scale.

300 MHz Antenna: The 300 MHz antenna excelled in depth penetration, allowing
for imaging of deeper subsurface layers and geological structures within the cave. While
sacrificing resolution compared to the higher-frequency antennas, the 300 MHz antenna
provided valuable insights into the stratigraphy and hydrogeological dynamics of the
cave environment at greater depths. This antenna frequency was effective in mapping
large-scale geological features and identifying potential subsurface water reservoirs or flow
channels critical for understanding long-term moisture dynamics within the cave.

Integrating data from all three antennas provided a comprehensive view of the sub-
surface environment within the Polychrome Hall, complementing each other’s strengths
and compensating for individual limitations. The 1.6 GHz antenna was critical for under-
standing the dynamics of water flow and its direct impact on paint in the ALT1 control area,
revealing the relationship between moisture and surface fissures and fractures. Meanwhile,
the 800 MHz and 300 MHz antennas provided valuable insights into deeper subsurface
structures. Specifically, the 800 MHz antenna helped correlate the detailed information
from the 1.6 GHz antenna with larger fractures and structural features, while the 300 MHz
antenna elucidated how these deeper fractures relate to external water entrance. By combin-
ing data across these frequencies, we developed a nuanced understanding of the geological
and hydrological processes affecting the cave environment, which informs more effective
conservation strategies and management decisions.

3.6. Integration with Other Data Sources

Integrating GPR data with other data sources is critical for a comprehensive under-
standing of the processes affecting the conservation of the art in the cave, especially the one
on the ceiling of the Polychrome Hall. Ground truth measurements and field observations,
collected during geological surveys and hydrological monitoring campaigns, serve as
essential reference points.

In this sense, the observations made by [48] conclude that the ceiling surface of the
Polychrome Hall is characterized by a discontinuous and irregular clay film, occasionally
carbonated, situated between the limestone substrate and the paint layer. Internal stresses
within these clays, induced by moisture variations (wetting/drying cycles), lead to the loss
of adhesion of the pigment to the clay layer, and consequently, to the substrate. Concur-
rently, environmental humidity contributes to carbonate dissolution, as the accumulation
of water films on the limestone surface promotes mineral decomposition reactions [76].

The adhesion loss of the pigment to the substrate is further linked to the physico-
chemical properties of the infiltrating water, which, through the soil cover, incorporates
CO2 and other nutrients from the soil [3]. This process partially dissolves the limestone,
resulting in the formation of small, interconnected depressions on the ceiling, resembling
a hydrographic network. These depressions act as conduits for transporting not only the
paint but also carbonates, salts, clays, quartz fragments, dolomite and other materials,
dragging them towards various drip points [77].

The interpretations derived on the one hand from the GPR data which inform us of
the important relationship in the inner part of the Ceiling of the fracture lines with the ac-
cumulations of moisture (Figure 13). The samples of sediments and pigment dragged from
the drip points (Figure 14), corroborate the hypotheses outlined in the previous paragraph.

Visual inspection with a binocular magnifier, along with Scanning Electron Microscope
(SEM) and X-ray diffraction analysis of pigment samples and other water-transported
deposits at the drip points in ALT1, reveals millimeter-scale particle detachment indicative
of flaking, disintegration or loss of cohesion. Additionally, SEM analysis has identified
particles with low iron content and high concentrations of magnesium, calcium and oxygen,
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likely corresponding to dolomite-type minerals associated with the Dolomitic Layer above
the Polychrome Layer. The Dolomitic Layer is affected by a network of discontinuities
extending from its roof to its walls, compromising the waterproofing of the thin loamy-clay
intercalation separating it from the Polychrome Layer. These discontinuities help with
the movement of water and moisture from the upper layers to the Polychrome Layer,
aggravating the pigment detachment and rock degradation observed in the Hall.
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Figure 13. Overlying of the 3D horizontal sections framing the Dolomitic Layer in the 70 cm to
100 cm depth interval in the ALT1-C zone, captured using a 1.6 GHz GPR antenna. The figure shows
multiple zones of irregularly distributed moisture, projected on the ceiling surface of the Polychrome
Hall with the micro-basins and with the active drip points (water/moisture zones in shades of purple;
active drip points in blue) for zones (a) ALT1-C and (b) ALT1-D.
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ciated with the presence of infiltration water, condensation and CO2 concentration. 
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tionships between surface morphology, hydrological pathways and subsurface struc-
tures, facilitating the identification of geological controls on ceiling evolution.  

Furthermore, the integration of GPR data with hydrological models enables the as-
sessment of long-term trends and predictive modeling of groundwater flow dynamics. 
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by a blue to white gradient, across the different strata of the Polychrome ceiling. Data were col-

Figure 14. Pigment particles and other mineral deposits carried away by the drip water and collected
in the containers located on the ground perpendicular to the drip points. SEM analysis of the detached
particles indicates the existence of microcorrosion processes of the supporting rock associated with
the presence of infiltration water, condensation and CO2 concentration.

Moreover, the integration of GPR data with high-resolution surface models, basin,
streams, drop points and orthoimagery enables the spatial context of subsurface features
to be visualized and analyzed within the broader landscape context. Georeferenced GPR
profiles overlaid on topographic maps or DEMs provide valuable insights into the rela-
tionships between surface morphology, hydrological pathways and subsurface structures,
facilitating the identification of geological controls on ceiling evolution.

Furthermore, the integration of GPR data with hydrological models enables the assess-
ment of long-term trends and predictive modeling of groundwater flow dynamics. This
complex system of discontinuities represents the main pathways of fluid exchange with the
interior of the Polychrome Hall (Figure 15), as well as with the seepage from the active drip
points on the basal surface of the Polychrome Layer in the ALT1 control area (Figure 10a).

Remote Sens. 2022, 14, x FOR PEER REVIEW 21 of 29 
 

 

 
Figure 14. Pigment particles and other mineral deposits carried away by the drip water and col-
lected in the containers located on the ground perpendicular to the drip points. SEM analysis of the 
detached particles indicates the existence of microcorrosion processes of the supporting rock asso-
ciated with the presence of infiltration water, condensation and CO2 concentration. 

Moreover, the integration of GPR data with high-resolution surface models, basin, 
streams, drop points and orthoimagery enables the spatial context of subsurface features 
to be visualized and analyzed within the broader landscape context. Georeferenced GPR 
profiles overlaid on topographic maps or DEMs provide valuable insights into the rela-
tionships between surface morphology, hydrological pathways and subsurface struc-
tures, facilitating the identification of geological controls on ceiling evolution.  

Furthermore, the integration of GPR data with hydrological models enables the as-
sessment of long-term trends and predictive modeling of groundwater flow dynamics. 
This complex system of discontinuities represents the main pathways of fluid exchange 
with the interior of the Polychrome Hall (Figure 15), as well as with the seepage from the 
active drip points on the basal surface of the Polychrome Layer in the ALT1 control area 
(Figure 10a). 

 
Figure 15. Perspective view of the discontinuities revealing zones of higher moisture, represented 
by a blue to white gradient, across the different strata of the Polychrome ceiling. Data were col-

Figure 15. Perspective view of the discontinuities revealing zones of higher moisture, represented by
a blue to white gradient, across the different strata of the Polychrome ceiling. Data were collected



Remote Sens. 2024, 16, 3905 21 of 27

using three GPR antennas: a 1.6 GHz antenna for the upper 50 cm, an 800 MHz antenna for depths
up to 1.2 m, and a 300 MHz antenna for depths up to 4.9 m. This complex network of discontinuities
highlights the primary pathways for fluid exchange within the interior of the Polychrome Hall, as
well as seepage from the active drip points located on the basal surface of the Polychrome Layer in
the ALT1 control area.

4. Discussion

The findings in this study provide valuable insights into the subsurface features of the
Polychrome Hall within the Altamira Cave, as revealed by GPR surveys.

The different geophysical prospecting campaigns (February 2022 and April 2023) on
the surface of the ceiling in the ALT1 control area indicate that the presence of moisture
of infiltration water is mainly related to two lateral contributions, one on the south side,
clearly associated with the large central fracture, and the other on the north side from a
fracture similar in development to the central one, which even begins at a higher level
(barely one meter above the surface) and which, in a discontinuous manner, practically
reaches the surface of the Polychrome Hall. Another fracture on the north side has a
similar development to the central one, beginning at a higher level (barely one meter from
the surface) and discontinuously reaching the ceiling surface, vertically aligned with the
belly and hind legs of the bison located near the claviform sign in our control area ALT1
(Figure 16).
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Figure 16. (a) Location of the drip points within the control area ALT1. (b) Mean dip of the Poly-
chrome Hall calculated from the 3D model (c) Moistures associated with two large vertically de-
veloping fractures in the Polychrome ceiling. The red box shows the moistures associated with the 
large central fracture, the yellow box shows the moisture zones coming from the fracture located in 
the polychrome bison. The red arrows as well as the degree of dip of the ceiling show the rela-
tionship of this with the moistures associated with the dripping points with migration and loss of 
pigment from ALT1. (d) Reflection profile P8 obtained with the 300 MHz antenna. The dashed red 

Figure 16. (a) Location of the drip points within the control area ALT1. (b) Mean dip of the Polychrome
Hall calculated from the 3D model (c) Moistures associated with two large vertically developing
fractures in the Polychrome ceiling. The red box shows the moistures associated with the large
central fracture, the yellow box shows the moisture zones coming from the fracture located in the
polychrome bison. The red arrows as well as the degree of dip of the ceiling show the relationship of
this with the moistures associated with the dripping points with migration and loss of pigment from
ALT1. (d) Reflection profile P8 obtained with the 300 MHz antenna. The dashed red line indicates
the fracture (central fracture) associated with the moisture shown in red, and the dashed yellow line
corresponds to the fracture associated with the moisture marked in yellow in (c).

The greatest percolation of water is towards the north side of the large central rift, in a
west-to-east direction. This direction of moisture flow is explained by the dip of the strata.
The moisture that percolates through the central fracture flows toward the fracture from
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the beginning (west) to the bottom of the Polychrome Hall (east). Additionally, the greater
percolation of moisture in the western area of the quadrant studied (Figure 7), on both sides
of the central crack, compared to the east, is because the cement mortar that seals the large
central crack is in a worse state of conservation in this area.

First, the detection of subsurface features, including fractures, fissures and moisture
accumulations, offers important clues regarding the geological and hydrological dynamics
within the cave system. Fractures and fissures may show structural weaknesses in the
limestone bedrock, which could influence the infiltration and circulation of groundwater.
The observed moisture accumulations are probably associated with localized percolation
of water through fractures and with hydrological interactions between overlying rock
layers. These findings support previous studies highlighting the significance of geological
discontinuities and hydrological pathways in controlling the distribution of moisture within
karstic systems [78,79].

Second, the characterization of moisture dynamics provides valuable information on
the spatial distribution and temporal variability of moisture content within the Polychrome
Hall. The identification of distinct moisture zones and their association with geological fea-
tures, such as fractures and microchannels, suggests complex moisture transport processes
influenced by both structural controls and external hydrological inputs. These findings
contribute to our understanding of ceiling hydrology and underscore the importance of
considering both intrinsic and extrinsic factors in modeling moisture dynamics within karst
landscapes [80,81].

Third, the mapping of geological interfaces, including the contact between the Poly-
chrome Layer and underlying dolomitic formations, provides valuable insights into the
stratigraphic architecture and depositional history of the cave deposits. The observed irreg-
ularities and discontinuities in the Dolomitic Layer suggest complex geological histories
characterized by tectonic activity, sedimentary deposition, and diagenetic processes as
other complementary studies such as Scanning Electron Microscopy analysis (SEM) shows.
These findings align with earlier studies on ceiling stratigraphy, highlighting the utility
of GPR as a non-invasive tool for subsurface imaging and geological mapping in karst
environments [82,83].

The detection of subsurface features using GPR represents a significant advancement
in understanding the geological and hydrological dynamics of the Cave of Altamira Poly-
chrome Hall ceiling. The identification of fractures and fissures not only provides insights
into the structural integrity of the cave but also offers clues about the pathways through
which water may infiltrate and circulate within the subsurface environment. These findings
follow existing research on karst hydrogeology, which emphasizes the role of geological
discontinuities in controlling groundwater flow and cave formation [84]. Further investi-
gations into the spatial distribution and temporal evolution of subsurface features using
advanced geophysical techniques could yield valuable insights into the dynamic nature of
karst landscapes and their response to environmental change.

The variations seen in moisture moisture zones between different depths and locations
underscore the heterogeneous nature of moisture distribution within the cave environment,
highlighting the need for comprehensive hydrological modeling approaches that account
for both intrinsic and extrinsic factors [85,86]. Future research efforts could focus on
integrating GPR data with hydrological models to improve predictions of cave moisture
dynamics under different climatic scenarios and land use conditions.

The mapping of geological interfaces, particularly the contact between the Polychrome
Layer and underlying dolomitic formations, offers valuable insights into the cave’s strati-
graphic architecture and paleoenvironmental history. The identification of irregularities
and discontinuities in the Dolomitic Layer suggests complex geological processes that have
shaped the cave over geological timescales. These findings contribute to our understanding
of cave formation mechanisms and provide a basis for reconstructing past environmental
conditions [48,87]. The mechanisms of geological formation of the cave and the stratigraphic
relationship with the Dolomitic Layer are significant areas of ongoing discussion.
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The influence of this Dolomitic Layer on the conservation of the art on the ceiling
is still to be fully explored, as it exerts a protective effect due to its lower permeability
regarding the water located at higher depths. The aforementioned erosive processes cause
its partial disintegration, increasing water access to the surface of the ceiling and escalating
the risks of migration, disintegration and occasional washing away of the paintings. Future
studies could use interdisciplinary approaches, combining GPR with sedimentological, geo-
chemical and chronological analyses to unravel the intricate geological histories preserved
within cave deposits.

5. Conclusions

This comprehensive study conducted in the Polychrome Hall of the Altamira Cave
system has not only shed light on the complex subsurface features but has also highlighted
the significance of employing advanced GPR techniques in cave research. By digging into
the intricate geological and hydrological dynamics, this study has provided invaluable
insights into the intricate karst landscape and cave ecosystem.

The detection and characterization of subsurface features such as fractures and ge-
ological interfaces offer a deeper understanding of the ceiling structural complexity and
hydrological connectivity. These findings not only contribute to the scientific understand-
ing of karst landscapes but also hold practical implications for cave management and
conservation efforts.

The mapping of moisture dynamics within the cave system is noteworthy, as it pro-
vides essential information for managing cave microclimates, understanding speleothem
formation processes and preserving cave ecosystems.

The interdisciplinary nature of this study underscores the importance of collaboration
between managers of the cave addressing the challenges faced by karst landscapes. By
integrating scientific research with conservation efforts and policymaking, we can work
towards sustainable cave management practices that ensure the long-term preservation of
these unique ecosystems.

This being a first approximation and considering the need to obtain new data for
different periods, it can be affirmed, based on the studies conducted, that there is a dynamic
of water infiltration which, through fractures, fissures and internal stratification planes,
percolates down to the surface of the ceiling. The internal moisture zones mapped in our
control area ALT1 on 17 February 2022 affected the washing of pigment from some drip
points in this zone by April of the same year, as well as provoking the migration of paint
in other associated drip points. The moisture recorded in April 2023 at a depth of 9 cm
and above is expected to directly contribute to paint wash-off at the same drip points, and
possibly others, by April 2024.

This leads us to a clear reflection: within barely nine months, the moisture level
involved in pigment carry-over at our ALT1 drip points will be located a few centimeters
from the ceiling surface, initiating new processes of paint carry-over and destruction a
month and a half later. This specific pattern highlights a seasonal dynamic in the processes
of water infiltration percolation, which directly affects the conservation of the paint. If this
pattern is confirmed, it would open the door to determining or suggesting conservation
actions at certain critical times of the year. These actions could address the access of water
that generates the washing and migration of pigment, potentially reversing the ongoing
deterioration.

While this study has provided valuable insights into the subsurface characteristics
and moisture dynamics of the Polychrome Hall in Altamira Cave, future research is es-
sential to improve conservation efforts. Long-term monitoring of moisture infiltration
and moisture zones using advanced GPR techniques alongside non-invasive methods
such as high-resolution photogrammetry will help to track seasonal variations that affect
pigment preservation. Extending the study beyond the ALT1 control area will provide a
broader understanding of hydrological dynamics and identify additional areas at risk. The
development of predictive models based on observed water infiltration patterns can guide
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timely conservation measures. In addition, collaboration with conservation experts will be
essential to translate research findings into actionable strategies. Finally, investigating the
potential impacts of climate change on cave ecosystems will be important to anticipate shifts
in water infiltration that may exacerbate paint deterioration, to refine our understanding
and improve conservation strategies for Cave of Altamira.
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