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Abstract: The sandstones which constitute the host rock for the prehistoric artwork in the Rock
Groups of Tajo de las Figuras and Peñas de Cabrera (southern Spain) show a serious degree of alter-
ation, due both to natural processes and those related to anthropogenic and animal activity. A detailed
study was carried out on the petrological and compositional characteristics of the sandstones (fresh
and altered rock) in both rock groups, and on the geological and climatological characteristics of the
area in which they are located. The sandstones have very similar petrological and compositional
characteristics in both areas. This likeness causes the nature of the natural weathering processes to be
similar in the rock areas studied. These processes can be divided in terms of the predominant mecha-
nisms of alteration into three inter-related categories: mechanical weathering, chemical weathering,
and bio-induced alteration processes. However, the different climatic conditions of the areas in which
the two rock areas are located directly influences the intensity of these processes. The precipitation
and the range of temperature variation with heavy winter frosts in the area of El Tajo de las Figuras
are significantly higher than in the area of Peñas de Cabrera; this translates into a higher rate of
weathering at El Tajo de las Figuras. Regarding the anthropogenic action, two types of influence on
the deterioration can be distinguished: a direct one, which consists of scouring and wetting of the
walls in order to increase the chromatic contrast; and an indirect one, which is the extraction of blocks
of sandstone in the upper part of rock shelters, which in turn encourages the development of the
chemical weathering processes.

Keywords: sandstone weathering; chemical weathering; rock shelter; rock art

1. Introduction

Rock materials have been employed as a host rock and/or frame for artistic represen-
tations, paintings, sculpture, and architecture since prehistoric times. In the last decades,
great progress has been made in investigating the processes of alteration in rock used
for architectural monuments ([1–11], among others). However, works on to the state of
alteration of the host rock for artistic representations located in natural rock outcroppings,
both karstic cavities and rock shelters, are much less common. Recent works address this
problem in art representations executed in natural rock shelters. Campbell (1991) [12]
classified the intensity of the weathering which has affected the sandstone host rock for the
historic carvings in the Writing-on-Stone Park in Canada. Pentecost (1991) [13] studied the
rate of weathering of the Cretaceous Ardingly Sandstone in the Weald (England) where
there are abundant pictorial representations. Benito et al. (1993) [14] analysed the state of
conservation of the paintings and carvings in different rock groups in NE Spain together
with the processes of weathering in their sandstone host rock. Sjöberg (1994) [15] carried
out a study on the alteration of surfaces with carvings from the Bronze Age in southwestern
Sweden. Hall et al. (2007) [16] and Meiklejohn et al. (2009) [17] suggested that rock moisture
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and thermal regimes exert the most damaging influence on indigenous rock art painted on
porous sandstones in southern Africa. Díez-Herrero et al. (2009) [18] studied the influence
of direct insolation in the weathering of cave paintings on Triassic sandstones at Central
Spain. More recently, Peña-Monné et al. (2022) [19] highlighted the role of hydroclastic and
haloclastic processes on weathering processes of the sandstones in the painted rock shelters
of Cerro Colorado (Argentina).

Paintings and carvings on rock surfaces become closely linked with the natural evolu-
tion of the host rock from the moment that they are executed. Because of this, and in order
to carry out an extensive study of the state of conservation of these artistic and cultural
features, it is first necessary to establish the processes and mechanisms by which the rock
has been altered. The purpose of the present work is to establish the alteration processes
which affect the sandstones that constitute host rocks for the paintings and carvings of
the so-called Rock Groups of Tajo de las Figuras (Cádiz) and Peñas de Cabrera (Málaga),
southern Spain.

2. Study Area

The Rock Group of Tajo de las Figuras is located within the municipal boundaries of
Benalup (Cádiz province, southwestern Spain) (Figure 1A), in the extreme southeast of the
Sierra Momia, at an altitude which ranges between 110 and 170 m above sea level. These
sierras, which have little relief, are formed of siliceous sandstone belonging to the Aljibe
Formation (lower Miocene) that grades downwards into reddish clays which range in age
from Oligocene to Aquitanian. The Aljibe Fm., a 1500 to 2000 m thick succession, consists
of meter thick planar-tabular or cross-stratified beds of medium to coarse-grained, pale
orange to yellowish brown sandstones. The quartzose sandstones of Aljibe Fm. are strongly
tectonized, the basic directions of the diaclase network being E–W. Its structure is in the
form of piled up thrust sheets which provides important relief in the form of sierras with
an average altitude of 400 to 500 m. It also has an abundance of structures due to tectonic
instability, such as landslides and sand dykes [20]. The Rock Group of Tajo de las Figuras
includes a total of seven natural rock shelters, mainly facing the south, termed Cueva del
Tajo de las Figuras, Cueva del Arco, Cueva Cimera, Cueva Negra, Cueva Alta, Cueva del
Tesoro, and Cueva de los Pilones. These host a set of engravings which can be attributed
to the upper Palaeolithic and post-Palaeolithic (Neolithic–Chalcolithic–Bronze Age) [21].
These paintings are of zoomorphic and anthropomorphic motives and signs [22] and form
their own artistic style within the so-called “schematic” style, which can be differentiated
from the rest of the artistic rock works in the Iberian Peninsula [23,24].

The Rock Group of Peñas de Cabrera is located within the municipal boundary of
Casabermeja, in the interior of the Málaga province (southern Spain) (Figure 1A). Most
rock shelters are sited on the northern flank of a thick succession of sandstones which ends
in a small hill (570–620 m above sea level) which is located on the southern side of the
Lower Miocene Colmenar Depression. The sandstones are arranged in meter-thick beds
which generally are folded with dips that slightly exceed 30◦. However, at some points,
such as where rock shelters with paintings are found, sandstones appear as blocks with
chaotic distribution, being arranged vertically and even seem to be inverted with some
frequency. The degree of tectonic fracturing of sandstones is very high, showing a dense
network of faults and diaclases with preferential N260◦E and N orientation. Given their
affinity with the Germanic facies and the lack of fauna in the study area, the Permo-Triassic
age has been assigned to these sandstone beds [25]; thus placing them in the Andalusian
domain precisely in contact with the flysch of the Colmenar Unit. The Rock Group of Peñas
de Cabrera is formed of a total of 23 well-known rock shelters of smaller dimensions facing
N, NW, and W. It contains a series of post-Palaeolithic paintings (Chalcolithic) which can
also be assigned to the “schematic” style, with an abundance of anthropomorphic and
idiomorphic representations, idols, tectiforms, and arboriforms [26].
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Figure 1. (A) Location map. Small crosses indicate locations of rock shelters with prehistoric paintings
and engravings. Large crosses indicate locations of the studied rock shelters: Cueva del Tajo de
las Figuras (TF), Cueva del Arco (CA), Shelter no 11, Shelter no 13, Shelter no 17, and Shelter no 24.
(B) Cross-sections of the studied rock-shelters.

Both Rock Groups (Tajo de las Figuras and Peñas de Cabrera) show a high degree of
deterioration, both of natural and anthropic origin, which has promoted various actions
aimed at their protection by the relevant authorities, including their temporary closure to
tourism [27,28].

As the climatic conditions have a determining role in the development of rock weath-
ering processes [29], the main climatic parameters of the study areas were collected for the
period 1995–2014 from data supplied by the Antequera meteorological station (Z = 408,
370146 N, 044454 W) for Peñas de Cabrera and the Grazalema station (Z = 913, 364538 N,
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052227 W) for Tajo de las Figuras. Regarding temperatures, both areas have a mesothermal
to hot climate, but with a greater seasonal contrast in the area in which Tajo de las Figuras
is located with relatively frequent frosts in December, January, and February, and a greater
annual thermal fluctuation can be observed. The mean annual temperature values for both
Tajo de las Figuras and Peñas de Cabrera areas range from 15.2 to 17.3 ◦C, and from 14.7 to
16.5 ◦C, respectively. In the case of precipitations, the differences between the two areas are
of much more importance; Grazalema (Tajo de las Figuras) shows indices of very high rain-
fall with mean annual ranging from 1800 to 2200 mm, which are considerably greater than
that in Málaga (Peñas de Cabrera), with mean annual precipitation values ranging from
3310 to 660 mm. The average annual wind speed in Grazalema is 13.86 km/h with gusts
of over 130 km/h. In Antequera, the average annual value of the wind speed is slightly
lower, 11.99 km/h with some gusts exceeding 80 km/h. At both areas the climate is Csa
(hot summer Mediterranean climate) according to the Köppen-Geiger classification [30].

3. Materials and Methods

The geomorphological disposition of the sandstone beds which act as host rock for
paintings and carvings was determined through a photo-geological study of the area, a revi-
sion of the existing geological cartographies, and field work in which structural and textural
data were collected. The study concentrated on six representative rock shelters from the
two archaeological groups (Figure 1). Two shelters belong to the Rock Group of Tajo de las
Figuras (Cueva del Tajo de las Figuras and Cueva del Arco) and four to the Rock Group
of Peñas de Cabrera (rock shelters 11, 13, 17 and 24), as these are the ones that have the
largest number of artistic representations. To assess the deterioration phenomena, detailed
and comprehensive in situ visual analyses were performed before the sampling campaigns.
The ICOMOS ICS glossary (2008) [31] was used for weathering form terminology. A total of
80 samples were taken from these six rock shelters in order to carry out a petrological, min-
eralogical, and geochemical characterization of alteration processes which affect the sites.
These samples correspond both to fresh rock and to altered rock (flaking, filling with joints,
oxide patinas, detritus of alveoli, and concretions). Analytical procedures were performed
at Museo Nacional de Ciencias Naturales (MNCN-CSIC, Madrid) laboratories. Optical
microscopy and SEM techniques were used for the petrographic study. Qualitative and
semi-quantitative data were obtained on the chemical composition of the different mineral
components present in the sample using an EDS analyser. The mineralogical analyses were
performed using X-ray diffractometry, with quartz as the internal standard. The geochem-
ical composition of the host rock and of the alteration products were determined using
standard procedures with an X-ray fluorescence spectrometer.

4. Geological Characteristics of Rock Shelters
4.1. Morphology

The general morphological characteristics of the six rock shelters studied are provided
below. The main alteration products, whose mechanisms of formation are explained later,
are schematically indicated:

- The Cueva del Tajo de las Figuras is a rock shelter opening towards the south, 5.8 m
in height, 4.2 m wide, and 8 m deep (Figure 1B). It is located on a vertical incision
corresponding to a fault plane with an E–W direction (Figure 2A). It has alveolar
structures formed by one centimetre to decimetre-width alveoli with a spherical to
ellipsoidal section particularly located in the back wall and the ceiling of the shelter.
Holes are used by animals (wasps and birds) for their nests. Patinas of reddish to
blackish tones are abundant on the walls and ceiling. Whitish patinas on the external
part of the shelter are also present. These stains are closely related to the colonisation
of plants and the defecation of animals. The floor of the shelter has a smooth, polished,
shining surface. Fallen rock flakes are abundant, particularly in the more external part
of the shelter;
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- The Cueva del Arco is a rock shelter with a domed roof and an overhanging rock ledge
that has partially collapsed. Consequently, a large arch with an elliptical section has
been formed at the entrance of the cavity (Figure 2B). Its approximate dimensions are
2.3 m in height, 10 m wide, and 7.5 m deep (Figure 1B). Alveolar surfaces throughout
the stratification are abundant on the walls and ceiling. The alveoli are one centimetre
in width and have an ellipsoidal shape. Both the walls and the ceiling and floor
show patinas of reddish and orange tones and an abundant colony of fungus, lichens,
and other plants. Remains of fallen rock flakes are numerous;

- Shelter 11 (Peñas de Cabrera) is morphologically similar to the Cueva del Tajo de
las Figuras, but not as deep, with approximate dimensions of 5 m in height, 4 m in
width, and 2.5 m deep (Figure 1B). This shelter is orientated to the north and has
developed on a practically vertical E–W fracture plane. Alveolar structures similar
to those previously described can be seen on the ceiling and upper part of the walls
of the shelter (Figure 2C). The floor is covered with a patina of an intense red colour,
with bright and dark areas. The red tones of the floor appear to be related to the traces
of Neolithic pictorial activity. A well-defined surface blackening can also be observed
on walls and ceilings;

- Shelter 13 (Peñas de Cabrera) faces the north according to fracture planes in a N100ºE
direction and a dip of 50–60◦ S (Figure 2D), with the development of one meter-width
tafone morphologies on its back wall (Figure 2E). This is a shelter with little depth
(less than 3 m) and a maximum height of 8 m (Figure 1B). Honeycomb structures
formed by alveoli of the order of one millimetre can be seen on the back wall of the
shelter together with brownish orange patinas, fallen rock flakes, and white marks
from the defecation of animals. Traces of biological communities, such us fungi or
lichen, on the inner walls of the shelter are practically absent;

- Shelter 17 (Peñas de Cabrera) is 2.5 m in height, 6 m wide, and 1.8 m maximum in
depth (Figure 1B). It faces north and is located very near ground level, thus making a
very clear ground-level ledge. This shelter is almost masked by abundant vegetation.
Reddish patinas and signs of fallen flakes are very abundant. The lower part of the
shelter, up to a height of 50 cm, does not show alteration patinas and is completely
devoid of flakes (Figure 2F);

- Shelter 24 (Peñas de Cabrera) faces west and is small (1.8 m high by 4 m wide and a
maximum depth of 1.5 m) (Figure 1B). This shelter has a great development of alveolar
morphologies in the interior, particularly towards the ceiling. Colonisation of fungi,
lichens and other plants is abundant. The walls of the shelter have a very extensive
blackish patina.

The degree of tectonic fracturing of the sandstone host rock in both rock groups is very
high as they have been affected both by faults and a dense network of joints (Figure 2A,D).
There are older recrystallized, hardened, and patinated fractures in the diaclase systems
which are more resistant to weathering than the sandstone itself. The fracture network
stands out inside the shelters; the sandstone is compartmentalized into patina-encased
rock masses. The most recent fractures, on the other hand, are in a period of enlargement.
It must be taken into account that this is a tectonically active area [20,25] and therefore the
more recent joints must have originated through neo-tectonic activity.
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Figure 2. Morphological features of the studied rock-shelters (see text for explanation). (A,B) Rock
Group of Tajo de las Figuras. (C–F) Rock Group of Peñas de Cabrera. (A) View of the entrance of the
Cueva del Tajo de las Figuras, which is located in a fault plane; note the high number of fissures and
fractures affecting the host rock. (B) General view of the Cueva del Arco. (C) View of the interior
of the shelter 11; honeycomb weathering is developed on walls and ceiling. (D) Lateral view of
shelter 13, which is developed on a fault plane. (E) Frontal view of shelter 13; decimetre-width tafone
are developed in the uppermost part of the shelter wall. (F) Frontal view of shelter 17; selective
weathering due to proximity to ground level is observed.

4.2. Petrology and Geochemistry

The sandstone host rock of the Tajo de las Figuras site is mainly composed of medium
to coarse-grained, poorly sorted sub-arkoses. The framework grains show a relatively
high degree of roundness (Figure 3A). It is mainly composed of: quartz (80–90%); feldspar
(0–15%), with a predominance of plagioclase; mica (<5%), mainly muscovite; tourmaline
(<2%); and opaque minerals (<2%). The matrix is very scarce (<5%) and mainly consists
of kaolinite masses (to a lesser extent illite). Syntaxial siliceous cements, ferruginous rims
and kaolinite pore-linings and pore-fillings were observed. The chemical composition of
the Tajo de la Figuras fresh rock samples (Table 1) is characterised by the high content of
SiO2 (>95%) and low content of Al2O3 (<1.8%) and other elements. In most of the samples,
the MgO and MnO content was below the sensitivity limit of the analytical technique
employed (XRF). This fact appears to be related to the low proportion of phyllosilicates
observed in the petrographic study.
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Figure 3. Thin section photomicrographs. (A) Poorly sorted sub-arkose showing clast-supported
fabric and grains with high degree of roundness (Cueva del Arco). (B) Sub-arkose with feldspar and
biotite grains showing fine-grained alteration and pore-filling kaolinite cement (Shelter 13, Peñas de
Cabrera). (C) Stromatolite-like crust surrounding sandstone surface (Cueva del Tajo de las Figuras).
Calcite cements filling intergranular pores and partially replacing both siliceous framework grains
and cements. All photographs were taken under cross polarized light.
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Table 1. Average chemical composition (in weight %) of fresh sandstone host rocks.

Tajo de las Figuras Peñas de Cabrera

SiO2 96.3 91.53

Al2O3 1.4 5.5

FeO + Fe2O3 0.5 0.45

TiO2 0.25 0.28

MgO 0.10 0.13

CaO 0.07 0.04

MnO <0.01 <0.01

Na2O 0.1 0.04

K2O 0.3 0.98

P2O5 0.06 0.1

L.O.I. 0.99 0.90

Peñas de Cabrera sandstones are very similar to those of Tajo de las Figuras. They are
medium to coarse-grained, poorly sorted quartz-rich sandstones with grains showing a
moderate to high degree of roundness and sphericity. The sandstone is composed mainly
of: quartz (80–90%); mica (5–20%); feldspar (mainly plagioclase) (0–15%); and metamorphic
rock fragments (0–10%). The matrix is scarce (<5%) and consists of masses of illites and
kaolinites. The cements, although scarce, are mainly siliceous and ferruginous. Most of
these sandstones can be classified as sub-arkoses, although locally, sub-lithoarenites are
relatively abundant (Figure 3B). The chemical composition is also similar to Tajo de las
Figuras sandstones (Table 1). The main difference is clearly the greater concentration of
Al2O3 and K2O due to the presence of phyllosilicates (mainly mica and illites).

The superficial alteration rinds on the shelters’ walls and of the fallen flakes are
formed by a compact mass, which is not very porous and has reddish tones. The chemical
analysis for these alteration rinds in the two rock groups indicate a marked enrichment
in FeO + Fe2O3 (4.9% ± 0.5%), MgO (0.42% ± 0.17%), and in the loss on ignition (L.O.I.)
(1.8% ± 0.3%). This fact is consistent with the petrographic observations made and the
mineralogical analyses performed. Framework components show weathering features
such as: (1) strongly altered feldspars and biotites; (2) masses of authigenic kaolinites;
(3) quartz grains with signs of dissolution and syntaxial overgrowth; (4) and muscovites
fragmented into flakes. Fe and Mn oxides/hydroxides in the form of amorphous masses,
which commonly appear to be fragmented and re-cemented, are relatively abundant. Traces
of biological activity, such as lichen thalli, fungal hyphae, and the remains of insect skeletons
were also recognised.

Micrometre to millimetre-thick laminar carbonate crusts (Figures 3C and 4A) formed
by 5 to 50 µm-thick layers mainly composed of calcite crystals (micrite and microsparite)
also occur. Lenticular gypsum crystals (Figure 4B), Fe and/or Mn oxides/hydroxides
grains, clays, and organic elements (biofilms, algae, fungi, and spores) were also recognised.
In the areas where these crusts are developed, it was observed that the calcium carbonate
crystals penetrated the sandstone replacing and/or disintegrating both the framework
components and the matrix/cements (Figure 3C).



Appl. Sci. 2022, 12, 5330 9 of 18Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 18 
 

 
Figure 4. SEM micrographs. (A) Detail of stromatolitic calcite layers enveloping grain surfaces 
(Shelter 11, Peñas de Cabrera). (B) Small lenticular gypsum crystals within the stromatolite crust 
(Cueva del Tajo de las Figuras). 

5. Weathering Processes 
A simple visual examination of the shelters which form the two rock groups denotes 

the major effectiveness of weathering processes in the Tajo de las Figuras Group, as is 
revealed by a major development of alteration rinds, oxide-rich patinas, falling of flakes, 
etc. A detailed field and laboratory examination of the alteration products and forms al-
lowed us to differentiate between natural weathering processes and those induced by 
human activity. 

5.1. Natural Weathering Processes 
The natural weathering processes, observed with different intensity in each of the 

studied sites, can be divided in terms of the predominant alteration mechanisms in three 
inter-related groups: mechanical weathering, chemical weathering processes, and 
bio-induced alteration. 

5.1.1. Chemical Weathering Processes 
Petrological and geochemical analyses of rock samples from the weathered surface 

of the walls of the shelters indicate the existence of chemical alteration processes which 
include dissolution and/or transformation of minerals and the redistribution of ionic 
substances. The main effect observed was the formation of hardened superficial layers. 
These layers are enriched in Fe and/or Mn oxides, clays, and silica. This process has been 
widely referred in the literature as case hardening (e.g., [32–34]). The driving mecha-
nisms for case hardening on sandstones are the hydrolysis and carbo-hydrolysis reac-
tions which affect the aluminosilicate minerals. The carbo-hydrolysis phenomenon con-
stitutes the mechanism whose action has the greatest effectiveness, in a coherent manner, 
with warm and humid climatic conditions. These conditions favour the adsorption of 
water and a chemical attack on the rock components through the action of meteoric water 
which is slightly acidic due to the dissolved CO2. The CO2 source may be atmospheric or 
organic (vegetable covering and soils rich in organic material in the upper area of the 
shelters). Next is detailed the geochemical expression that summarises feldspar alteration 
and clay authigenesis: 

6KAlSi3O8 + 4CO2 + 4H2O  K2Al4(Al2Si6020)(OH)4 + 4K+ + 12SiO2 + 4HCO3− 
K-feldspar    Illite 
2KAlSi3O8 + 2H+ + 9H2O  Al2Si2O5(OH)4 + 2K+ + 4SiO2 + 8H2O 
K-feldspar    Kaolinite 
2CaAlSi3O8 + 11H2O + 2CO2  Al2Si2O5(OH)4 + 2Ca2+ + 2HCO3− + 4H4SiO4 
Anorthite    Kaolinite 

Figure 4. SEM micrographs. (A) Detail of stromatolitic calcite layers enveloping grain surfaces
(Shelter 11, Peñas de Cabrera). (B) Small lenticular gypsum crystals within the stromatolite crust
(Cueva del Tajo de las Figuras).

5. Weathering Processes

A simple visual examination of the shelters which form the two rock groups denotes
the major effectiveness of weathering processes in the Tajo de las Figuras Group, as is
revealed by a major development of alteration rinds, oxide-rich patinas, falling of flakes, etc.
A detailed field and laboratory examination of the alteration products and forms allowed us
to differentiate between natural weathering processes and those induced by human activity.

5.1. Natural Weathering Processes

The natural weathering processes, observed with different intensity in each of the
studied sites, can be divided in terms of the predominant alteration mechanisms in three
inter-related groups: mechanical weathering, chemical weathering processes, and bio-
induced alteration.

5.1.1. Chemical Weathering Processes

Petrological and geochemical analyses of rock samples from the weathered surface of
the walls of the shelters indicate the existence of chemical alteration processes which include
dissolution and/or transformation of minerals and the redistribution of ionic substances.
The main effect observed was the formation of hardened superficial layers. These layers
are enriched in Fe and/or Mn oxides, clays, and silica. This process has been widely
referred in the literature as case hardening (e.g., [32–34]). The driving mechanisms for case
hardening on sandstones are the hydrolysis and carbo-hydrolysis reactions which affect the
aluminosilicate minerals. The carbo-hydrolysis phenomenon constitutes the mechanism
whose action has the greatest effectiveness, in a coherent manner, with warm and humid
climatic conditions. These conditions favour the adsorption of water and a chemical attack
on the rock components through the action of meteoric water which is slightly acidic due
to the dissolved CO2. The CO2 source may be atmospheric or organic (vegetable covering
and soils rich in organic material in the upper area of the shelters). Next is detailed the
geochemical expression that summarises feldspar alteration and clay authigenesis:

6KAlSi3O8 + 4CO2 + 4H2O→ K2Al4(Al2Si6020)(OH)4 + 4K+ + 12SiO2 + 4HCO3
−

K-feldspar Illite
2KAlSi3O8 + 2H+ + 9H2O→ Al2Si2O5(OH)4 + 2K+ + 4SiO2 + 8H2O
K-feldspar Kaolinite
2CaAlSi3O8 + 11H2O + 2CO2 → Al2Si2O5(OH)4 + 2Ca2+ + 2HCO3

− + 4H4SiO4
Anorthite Kaolinite
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An example of this phenomenon can be observed in Figure 5A,B, with feldspar crystals
altered by carbo-hydrolysis and kaolinite crystals neoformed as the result of the alteration.
It is precisely the abundant presence of kaolinite (Figure 5C) in the Tajo de las Figuras
samples which corresponds to the high humidity level in this location since this authigenic
mineral has been commonly employed as an indicator of wet climates [35]. The availability
of water is very important in the development of the chemical weathering processes [36],
since the solubility of the feldspars is very low (e.g., 3 × 10−7 mol for the K-feldspar
and 6 × 10−7 mol/L for the Na-feldspar) [37] its saturation is reached rapidly and the
dissolution of feldspars needs a continuous renewal of under-saturated water.
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ment. (B) Altered K-feldspar; note the development of intracrystalline fractures and etching fea-
tures on crystal surfaces. (C) Detail of authigenic kaolinite aggregates showing booklet morphol-
ogy. (D) Siliceous overgrowth on quartz crystal. (E) Organic biofilm coating quartz grain surfaces.
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The silica released (initially as H4SiO4) migrates to the exterior of the rock according
to the preferential directions of water flow and starts to form the superficial hardened rinds
and fillings in the system of joints and fractures (Figure 5D). A similar chemical attack, even
more rapid and efficient, is produced simultaneously on the micaceous ferromagnesian
minerals, such as biotite (2K(Mg,Fe,Mn)3AlSi3O10(OH)2)). The products are the neoforma-
tion of kaolinite, the release of Fe-oxides (limonite and haematite by oxidation) (Figure 5E)
and, in smaller proportions, of Mg-oxides (brucite) (Figure 5F) and Mn-oxides (pyrolusite,
manganite). These oxides migrate to the outer layers of the rock in a similar manner to the
silica and, together, form alteration rinds with reddish tones, which are common in all the
studied shelters. EDS chemical analyses clearly show the Fe and Mn enrichment of these
alteration rinds. The simple dissolution of quartz and feldspar along their crystalline edges
may be added to the processes, favouring the redistribution of cations in the superficial
parts of the rock.

The formation of these hardened surfaces inhibits the progress of superficial alteration
processes since these have low permeability and prevent the ingress of water to the rock
interior. A crumbly area of mineral impoverishment developed below these hardened
rinds. Flakes detachment takes place in favour of these areas (Figure 6A). When a detaching
of part of the alteration rinds is produced in the form of flakes, it can be seen that the
migration of the silica continues to progress and takes the preferred route between the
contact and discontinuity areas, i.e., between these rinds and the fresh rock. Once a piece of
hardened rind is broken or separated, the heterogeneity favours the development of micro-
climatological differences, which numerous authors have evoked as the cause of cavernous
weathering features (e.g., [38–40]). Case hardening, simultaneous with the removal of sand
grains by dissolution or salt weathering are the responsible for the formation of alveoli and
honeycomb patterns on rock surfaces [41].
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These chemical alteration processes can favour the development of mechanical weath-
ering processes, whose main effect is granular disintegration through the superficial dis-
solution of the grains [34,42] or by the effect of increasing the volume and the pressure
between crystals/grains through the alteration of biotites and feldspars [32].

5.1.2. Mechanical Weathering Processes

In the two cases studied, two different but inter-related mechanisms were observed:

(a) Thermal weathering due to the effect of changes in temperature suffered by rocks,
both seasonally and in night-day cycles. This temperature variation may lead to the
development of a thermal gradient between the surface and the interior of the rock,
given its low thermal conductivity, the effect being their final breaking [17,43–46].
This process is clearly seen in the case of the Peñas de Cabrera shelters, where the
metamorphic rock grains, with dark tones, can become relatively abundant (10%) in
some parts of the shelters. Given their colouring and their textural characteristics,
these components have higher specific heat and expansion coefficients than quartz and
feldspar (majority components in the host rock). This leads to differential expansion
processes and, therefore, variations in greater magnitude through dilatation-retraction
phenomena, which in the long term cause their separation. As a consequence, on many
occasions, lines of holes were observed in the rock. These alignments, which originally
corresponded to laminations enriched in slaty grains, produce incipient alveolar
surfaces (Figure 6B,C). In the studied cases, the heating agent is the sunshine, for which
reason the term ‘insolation weathering’ can be used [47]. Effects of thermal expansion
due to fire [48] have not been recognised. The effects of lighting fires have only been
translated into the formation of blackish patinas with abundant sooty particles;

(b) Frost weathering as a consequence of successive freeze-thaw cycles. The water present
in the rock, whether through the infiltration of meteoric water or through the noc-
turnal condensation phenomena, is introduced in the rock through weakness planes
(fractures, joints, and bedding planes) and may freeze in the winter periods. In many
instances, these weakness planes constitute the contact between the superficial al-
teration rinds and the fresh rock. In this case, the effectiveness of the weathering
phenomena is increased by its simultaneous action with chemical and biological
weathering processes. The final result is the detaching of large superficial rock flakes
(Figure 6D) and the granular disintegration of the rock. Structural (fractures, joints)
and textural (laminations, abundance of phyllosilicates) features of the host rock
have an effect on its frost resistance and its response to other weathering processes
such as salt weathering [49,50]. In the two studied rock groups it was possible to
check that the phenomena of formation and shedding of flakes are very common and
intense. Nevertheless, it must be stressed that in the Tajo de las Figuras site a greater
effectiveness was appreciated as a consequence of the greater thermal oscillation.

5.1.3. Bio-Induced Alteration Processes

The structure of the natural shelters studied favours the colonisation of the surface
part of the rock by diverse biological communities, including various colonies of mosses,
nitrophilous lichens and blue-green algae, particularly associated with fissures and cracks.
The walls with paintings are not much affected. Small black stains observed in the Peñas de
Cabrera shelters can be attributed to the activity of fungi [51]. In Tajo de las Figuras shelters
a greater profusion of nitrophilous lichens, fungi, and crypto-endolithic cyanobacteria were
recognised, particularly in the Cueva del Arco, given the major incidence of direct light
on the walls of this shelter. The influence of these organisms on the alteration processes
of host rock is much contrasted [52–54]. Previous information has been obtained on the
action of lichens both in biochemical alteration processes [55–57] and in the biophysical
processes [58,59] of fungi [60,61] and crypto-endolithic cyanobacteria [3,62,63]. The action
of micro-organisms on Fe-rich rinds [64] has also been recognised. These biological com-
munities facilitate water adsorption and the maintenance of a certain level of humidity
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and they produce CO2 and organic compounds which are soluble in water. These waters
can accelerate the chemical alteration processes and induce the precipitation of CaCO3
in the form of thin crusts. In the Tajo de las Figuras site, these lining alteration crusts
show great development, which is significantly higher than in the Peñas de Cabrera site.
This fact can be related to the high indices of rainfall in the location area with its own
more closed shelter structure and possibly with the higher deterioration through anthropic
actions (paintings getting wet) presented in this rock group. These crusts have different
types of action: (1) covering the rock surface, including the areas where the paintings
are present; (2) favouring the retention of oxides from the chemical alteration processes;
and (3) favouring the precipitation of salts, such as gypsum, whose crystallization pressure
in many cases causes mechanical tensions which aid the flaking of these crusts (haloclasty).

5.2. Human and Aninal-Induced Deterioration Processes

The previous paragraphs focus on the main natural weathering processes detected
in the host sandstones. Nevertheless, it is important to emphasise the influence of an-
thropogenic action on the state of conservation of the paintings. Both in the Tajo de las
Figuras and Peñas de Cabrera sites, the signs left by visitors when wetting and rubbing the
paintings in order to bring up the chromatic contrasts in the artistic features are evident.
This action considerably increases the effect of the wetting-drying cycles of the host rock.
The effect produced by the continuous rubbing of the walls and floors is unquestionable;
this is particularly noticeable in the floor of the Cueva del Tajo de las Figuras [26–28]. Other
deterioration effects resulting from human activity are: (1) fires lit in the shelters, which
have caused the rock surfaces to become black; and (2) removal of blocks of sandstone
(Figure 7A), which has left despoiled areas where the water accumulates and where organic
soils are produced. These actions can considerably favour the natural processes of rock
alteration (e.g., shelter 13, Peñas de Cabrera). Animal activity has also caused deterioration
both in the host rock and in the paintings. The presence of wasps’ nests (Figure 7B) and the
influence of birds, bats, goats, and deer is evident with defecations in the interiors of the
shelters (Figure 6B) and rubbing against the walls.
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Figure 7. Human and animal-induced deterioration. (A) Sandstone excavation near the top of shelters
11 and 13; the floors of these artificial depressions commonly dam water, and the development of
organic soils is favoured. (B) Wasp nests on the ceiling of the Cueva del Tajo de las Figuras.

6. Discussion and Conclusions

The results of field work and the laboratory analyses showed that the most common
mechanisms of alteration in the study area are: carbo-hydrolysis (chemical weathering),
frost weathering (mechanical weathering) and bio-induced encrustation (biotic weathering).
Other mechanisms such as haloclasty, abrasion, or slaking are considered to be of lesser
importance. Haloclasty, combined with other mechanisms, has been interpreted as being
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the most important in coastal environments ([33,34,41,65], among others) and even desert
areas [66]. However, in our case study, it is not easy to evoke a source of airborne salts in
the form of an aerosol [67,68] because of the long distance to marine waters and industrial
centres [69]. The very scarce gypsum crystals in the alteration rind and in the bio-induced
crust are due to interstitial fluids which migrate outwards controlled by environmental
conditions [67,70]. This is consistent with the existence of levels of gypsum in the under-
lying facies below sandstones beds [20,25]. Hydro-aeolian abrasion processes participate
mainly in the removal of weathering debris in tafoni and alveoli [14,19,40]. Both wind-
blown and water-driven deposits, including organic matter remains and salts, partially
cover the shelter surfaces and/or infiltrate through the porous host rock. The slaking phe-
nomena must have more influence on some shelters (e.g., shelter 17), where repeated cycles
of wetting and drying facilitate extensive flaking by means of ordered-water molecular
pressure mechanisms [47,71].

The similar structural and lithological characteristics of the studied sandstones mean
that, qualitatively, the alteration processes that affect them are similar. In this sense, this
has only been observed as the presence of a greater proportion of slaty grains in the Peñas
de Cabrera sandstones and their separation by thermal weathering processes causes the
formation of lines of small alveoli which was not observed in Tajo de las Figuras. However,
it was proved that the different climatic conditions in the location of both rock groups
directly influence the intensity of physicochemical weathering of sandstones. The Tajo de
las Figuras area shows a rainfall index three times higher than in the Peñas de Cabrera
area. In addition, the Tajo de las Figuras area has a greater seasonal contrast, with a wider
thermal oscillation range and frequent frosts during the winter months. These differences in
the climatic features cause the recognised alteration processes and the interaction between
them to be more effective in the Tajo de las Figuras rock group, since:

- The greater availability of water leads to greater intensity in the chemical alteration
processes. The most obvious effects of which are: (1) a higher degree of alteration in the
feldspars, with kaolinite neoformation; (2) a greater development in case hardening
processes with the formation of superficial alteration rinds, which are enriched in
silica, Al and Fe, and Mg and Mn oxides;

- This hardened rind, a priori, inhibits the development of mechanical erosion processes
but favours the retention of the water infiltrated in the new rock-rind contact area.
When cracking or flaking occurs, the existence of a discontinuous rind produces
differences in the distribution of permeability, humidity, etc., favouring the alteration
processes. This is particularly noticeable in the discontinuity planes which constitute
the contact areas between the superficial alteration rind and the underlying rock. The
latter is generally bleached, relatively poor in cations, such as Si, Al, Fe, and Mn, and
is crumbly. These discontinuity planes act similar to preferential water accumulation
areas, in such a way that the action of the winter freeze-thaw cycles becomes more
effective and the flakes formation and separation phenomena are more common;

- At the same time, the splitting away of the flakes leaves areas of fresh rock once more
exposed to chemical alteration;

- The releasing of Ca2+ and HCO3
− by the feldspars carbo-hydrolysis favours a greater

development of the bio-induced carbonate crusts. This in turn has an incrusting
effect and favours the physical and chemical attack processes towards the interior of
the rock.

With respect to the rates of weathering, the preservation of rock paintings denotes low
rates of weathering, at least in the immediate host rock. Although no data are available
in the form of old photographs, for example to quantify the alteration, the existence of
hardened rinds lining a large part of the walls of the shelters of alveolar structures on
the walls and ceilings of same and biological colonisation are indicative of slow rates of
alteration in the shelters [13,36,72]. The rates of alteration would vary as a function of the
climatic and geographical contexts and the lithological and geomorphic characteristics
of the host rock, generally ranging from microns to a few millimetres a year [13,72–74].
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In the present case, considering both art sites, climate is the most important controlling
factor in the rates of alteration as indicated previously. However, considering each shelter
separately, the major influence of other local factors can be observed, both in the types
and rates of alteration. In this way, it may be stated that in shelters 24 (facing W) and the
Cueva del Arco, given that they have a greater effect of natural light, the rates of alteration
(in particular, biotic) are relatively greater. On the other hand, in the case of the Cueva
del Tajo de las Figuras, the biotic alteration through micro-organisms is restricted, given
its nature of a more enclosed shelter. For shelter 17, its closeness to floor level causes the
alteration in the lower part to accelerate with regard to the rest of the shelter due to the
greater degree of humidity [32].

It is necessary to note that these relatively low rates of alteration correspond to the
more recent evolution of the shelters, at least that which is clearly later than the time
that the paintings were executed (Epi-Palaeolithic-Neolithic). The genesis of rock shelters
probably dates from the humid and glacial cold stages of the Quaternary, when mechanical
alteration processes (freeze-thaw cycles) were predominant and the rates of alteration were
considerably greater.

The alteration features found in the different shelters mainly correspond to natural
physical and chemical phenomena. For this reason, corrective measures are difficult to
apply without producing unforeseen consequences. Presently, the state of conservation of
the paintings is not bad. Natural weathering processes can be considerably accelerated by
both anthropic and animal activity. Anthropic action can be direct (wetting and rubbing
against the paintings, lighting of fires) or indirect (removal of blocks of sandstone from the
ceilings of the shelters). Large animals can produce alteration by different actions (rubbing,
defecation, building of nests, etc.) which are particularly harmful for this type of artwork.
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