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Abstract: The study seeks to unravel the intricate operational sequence involved in preparing
prehistoric pigments for rock art within the Puerto Roque rock art shelter. Sixteen pigment samples,
identified as Lab Code Puerto_1 to Puerto_16, were meticulously collected from specific figurative
representations. Additionally, three ochre samples (Puerto_17, Puerto_18, and Puerto_19) were
sourced from the shelter's soil. Employing a comprehensive multi-analytical approach, including
Raman microspectroscopy, X-ray microfluorescence (EDxrf), Fourier-transform Infrared
spectroscopy (ATR-FTIR), and Scanning Electron Microscopy (SEM), all nineteen samples
underwent thorough analysis. The research unveiled a spectrum of distinct red pigments within the
rock art depictions. The sampling strategy for the 16 panels in the Puerto region was meticulously
designed to capture the diverse array of rock art manifestations, each presenting unique
characteristics that warranted detailed scientific investigation. The selection of these panels was
guided by the recognition of various artistic techniques employed in the creation of the paintings,
the nuanced hues exhibited, prevalent erosion issues, potential effects of sunlight exposure, and the
intriguing hypothesis of distinct chronological periods due to several superimpositions detected.
Notably, darker pigments in samples Puerto_02, Puerto_10, and Puerto_19 revealed a composition
of hematite with the added presence of carbon. Meanwhile, Puerto_08 exhibited an orange hue
primarily composed of goethite. Bright red pigments in samples Puerto_01, Puerto_03, Puerto_05,
Puerto_07, Puerto_09, and Puerto_11 were predominantly characterised by hematite, as confirmed
by Raman analysis. EDxrf analysis demonstrated an elemental composition akin to the three ochre
pieces examined. Furthermore, ATR-FTIR spectroscopy suggested the potential influence of a
heating process in enhancing red coloration, corroborated by spectral results from specific samples.
This finding aligns with prior research, underscoring the technological sophistication embedded in
early artistic endeavours. The detailed understanding of pigment types and their preparation
methods provides insights into the artistic choices and technological adeptness of prehistoric
communities. Beyond the archaeological implications, these findings contribute significantly to the
ongoing conservation efforts of rock art sites. The amalgamation of diverse analytical techniques
showcased their efficacy in elucidating the intricate world of pigment preparation. Recognizing the
unique microclimates at each rock art site that influence pigment preservation, this localised
approach aids informed decisions in safeguarding these invaluable cultural resources. In essence,
this study not only unravels the artistic past but also advocates for the sustainable conservation of
our shared cultural heritage.
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1. Introduction
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The "Puerto Roque" open-air rock art shelter is a prehistoric painted natural shelter situated on
the southern facade of the "Pefias de Puerto Roque" mountain range in Valencia de Alcantara,
Extremadura, Spain (see Figure 1). This extensive shelter spans 7.5 meters in length, 5.4 meters in
height, and reaches a depth of 4.2 meters. It occupies an elevated position on the rocky cliff at an
altitude of 725 meters (See Figure 1C). The shelter's quartzite walls are adorned with reddish
paintings portraying both human figures and abstract forms, all of which are situated within the
framework of the "Iberian Peninsula Schematic Rock Art style." The schematic style characterises
figures that morphologically simplify a human figure, an object, an animal or other natural or
artificial elements, or that even go as far as total abstraction with the representation of geometric
symbols. These representations respond to certain formal, technical and thematic rules [1].

It surfaces in conjunction with animal husbandry and agriculture, transitioning from the initial
egalitarian and tribal structures of the Neolithic era to the hierarchical societies of the Bronze Age,
marking a pivotal moment culminating in its eventual disappearance. The entire course can be
meticulously traced by examining the distribution and internal organisation of its symbolic system,
enabled by the widespread recording of its expressions across the geography of the Iberian Peninsula
[2-4].

Figure 1. (A) Localization of Abrigo Puerto Roque (Valencia de Alcantara, Caceres, Spain); (B) 3D

representation of the shelter; (C) elevated position on the rocky cliff.

Our overarching objective centred on discerning and comprehending the presence of organic
elements embedded within the portrayed imagery. Furthermore, the abundance of panels adorned
with various hues of pigment on distinct figures within the shelter presented a significant
opportunity for a detailed diagnosis of pigment compositions [5,6]. This unique assemblage of
pigmented panels not only fueled our curiosity but also served as a compelling prospect to delve into
the nuanced intricacies of pigment composition within this archaeological context [7-12].
Considering the intricate nature of this archaeological site, a pivotal question emerged: Did the artists
utilise specific pigment recipes for the creations within this shelter? In pursuit of answers, our
research aimed to unravel the operational sequence and intricate processes involved in the application
of pigments.

Sixteen rock panels adorned with painted figures have been identified and thoroughly
documented using a collection of schematic representations. A noteworthy aspect is that many of
these panels are oriented towards the viewer, suggesting a public-facing purpose, meaning the
paintings are facing outward, and they are distributed across rock surfaces of varying dimensions.
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The application of pigments to create these rock paintings was most likely accomplished using fingers
as the primary tool (see figure 2).

Puerto Roque

Figure 2. (A) Distribution of the rock art panels in the Puerto Roque shelter.

Regrettably, the high density of these figures does not provide a discernible process for
determining the diachronic evolution of the depicted images at this site. Many of the figures are
rendered in various shades of red, spanning from orange hues to deeper and darker tones. These
disparities in coloration could be attributed to a multitude of factors, such as the state of conservation,
environmental and biological degradation, interactions with the rock surface, variable adherence to
the rock substrate, or the utilisation of different pigment types or even different chronologies.
Notably, the darker shades of red, at times resembling garnet minerals, hold greater prominence than
the orange variants.

Within the shelter, a rich assemblage of schematic red paintings predominates, encompassing a
diverse range of imagery. This array includes several typologies of figures, notably "ramiforms" (a
preferred Iberian term for what is also described as a tree-like linear motif), circular-shaped figures,
lines, and anthropomorphic representations (see Figure 3).
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Figure 3. Examples of figures from Puerto Roque shelter within the so-called Iberian Peninsula
Schematic Rock Art Style. A: Panel 2 from Puerto Roque original picture and with CRGB filter of
DStretch; B: Panel 9 of Puerto Roque original picture and LDS filter DStretch; C: Panel 4 from Puerto
Roque original picture and YRE filter from DStretch.

While numerous studies aimed at comprehending this distinctive style of rock art have been
conducted since the early 20th century, commencing with the work of Henri Breuil, it is noteworthy
that only in recent times have archaeometric investigations been applied to rock art sites in this region
[13-17].

In other regions of Spain, extensive research endeavours have sought to establish a
comprehensive understanding of prehistoric pigment compositions, encompassing various
chronologies and artistic styles [18-24].

At the Puerto Roque shelter, we implemented a comprehensive and multi-instrumental protocol
to methodically analyse the chemical and mineral composition of the prehistoric paintings. The
survey area was focused on the north wall of the shelter, measuring approximately 1.30 meters in
width along the east-west axis and 1.05 meters in length along the north-south axis [12].

2. Materials and Methods

Sixteen pigment samples (Lab Code: Puerto_1 to Puerto_16) were collected from specific
figurative representations within the Puerto Roque rock art shelter, along with three samples of ochre
sourced from the shelter's soil (samples Puerto_17, Puerto_18 and Puerto_19).

The sampling strategy for the 16 panels in the Puerto region was meticulously designed to
capture the diverse array of rock art manifestations, each presenting unique characteristics that
warranted detailed scientific investigation. The selection of these panels was guided by the
recognition of various artistic techniques employed in the creation of the paintings, the nuanced hues
exhibited, prevalent erosion issues, potential effects of sunlight exposure, and the intriguing
hypothesis of distinct chronological periods due to several superimpositions detected. The ochre
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samples (Puerto_17, Puerto_18, Puerto_19) were considered as a possible raw material used to
prepare the pigment [25-30].

The consideration of various factors such as artistic techniques, hues, erosion patterns, sunlight
impact, and chronological hypotheses ensures a holistic scientific approach to the study, fostering a
deeper understanding of the cultural and environmental dynamics that shaped these remains of
prehistoric art.

Sample 1 (Puerto_01) comes from dark red digit paintings made directly with the fingers, in
what is known in Spanish as "Flat Paint". This sample provides insights into the artistic process
involved in creating dark red digit paintings, with a focus on the specific technique employed which,
given the different number of techniques used in Puerto Roque, was considered technique 1.

The sample labelled Puerto_02 consists of light red digit paintings that are less visible. An
inquiry arises regarding whether the reduced visibility is attributed to a different chronology or
erosion. This prompts further investigation to discern the factors influencing the visibility and
potentially understand the temporal context of these paintings. Sample Puerto_03 is characterised by
a dark red pigment forming linear figures; that raises questions about the technique involved,
specifically, whether a brush was used (Technique 2). Understanding the artistic methods employed
in creating linear figures contributes to the broader interpretation.

A distinctive panel, in which sample Puerto_04 was taken, showcases a very visible plant motif
made with fingers. This non-geometric figure prompts speculation about its purpose, considering it
is regarded as one of the oldest figures of Schematic Rock Art. Overall, the analysis of the figurative
typologies that appear to decorate some mobile objects in post-paleolithic iberian territory shows
that, individually, soliforms, ramiforms, series of angled motifs, zig-zags and some anthropomorphic
and zoomorphic motifs are already represented on ceramics with printed, cardial and non-cardial
decorations from the Early and Middle Neolithic [31,32]. This makes the ramiform figure one of the
first figures to be represented in peninsular schematic art.

An intriguing sample, Puerto_05, features an accumulation of pigment next to very visible
human figures. The purpose of this pigment accumulation becomes a focal point for investigation.

Characterised by superimpositions, the figure from which sample Puerto_06 comes from raises
questions about the mixture of pigments used in the artwork. Sample Puerto_07 comes from a figure
with a high level of erosion and encrustations on top, resulting in a different hue. Investigating the
impact of erosion on artistic elements contributes to understanding preservation challenges. Sample
Puerto_08 stands out as a figure with distinct characteristics with a pastier texture and a different
hue. Superimpositions and good quality pigments characterise Puerto_09, highlighting figures with
exceptional aesthetic qualities.

Sample Puerto_10 features orange figures, potentially impacted by the sun. Exploring the impact
of sunlight on the pigments provides insights into environmental influences on the paintings.

Sample Puerto_11 is described as difficult to visualise and raises questions about whether this
difficulty is due to erosion or a different technique. Darkly coloured figures above dark fungi
prompted further investigation. Sample Puerto_12 involves using fingers to paint and splashing
pigment (Technique 2), representing a mixture of techniques. Exploring the artistic approach
involving finger painting and pigment splashing adds depth to the analysis, especially the use of
different techniques on the same panel.

A faded figure that is difficult to see characterises sample Puerto_13. Understanding the
challenges in visibility and potential causes contributes to interpreting the significance of the figure.

Linear figures made from small dots, potentially created with a brush tool characterise Puerto_14
and samples Puerto_15 features extremely blurred orange figures, almost imperceptible to the naked
eye. Questions arise about whether the blurriness is due to antiquity or erosion. Small, hard-to-see
red dots characterise sample Puerto_16, employing a different technique (technique 3).

Ethical non-contact removal techniques, adhering to the code of ethics and guidelines
established by the American Institute for Conservation [33], were employed to ensure the
preservation of the artwork [34,35]. Each sample, weighing between 10 and 100 mg, was extracted
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from areas where pigment was readily observable using a sterilised tungsten scalpel and placed in
0.5 ml microcentrifuge tubes [36].

2.1. Micro-Raman Spectroscopy:

Micro-Raman spectroscopy was utilised to determine the mineralogical composition of the
pigment samples. Micro-Raman Spectroscopy: Micro-Raman spectroscopy is fundamental in
pigment studies and mineralogical classification [37-42]. It allows for differentiation between
different materials, facilitating provenance studies and archaeological interpretations. This technique
is particularly useful for distinguishing between different types of pigments and their mineral
components [43].

The measurements were conducted with a LabRam HR800 spectrometer (Horiba Jobin Yvon,
France), coupled with an Olympus BXFM optical microscope (Olympus, Tokyo, Japan). The
spectrometer was equipped with an air-cooled CCD detector (1024 x 256 pixels) maintained at -70°C
and utilised gratings with 600 and 1800 grooves/mm. A laser beam with a diameter of 1 mm was
focused on the samples, providing a spectral resolution of approximately 4 cm~*. The He Ne laser
line at 632.82 nm served as the excitation source, filtered to maintain laser power between 0.2 and 10
mW. Exposure time, beam power, and accumulations were adjusted individually for each sample to
acquire informative spectra while safeguarding against sample alteration. Raman spectra were
recorded in the range of 200-2000 cm”™!, with exposure times of 5-16 seconds and 5-11
accumulations. The laser beam was focused onto the samples using 10x and 50x microscope
objectives, with a spot size diameter of about 2-3um. The wavelength scale was calibrated using a
Silicon standard (520.5 cm*™%), and acquired spectra were compared with published scientific data
and reference databases, such as Horiba Lab-Spec 5 (Horiba) and RRUFF (RRUFF, University of
Arizona, AZ, USA).

2.2. Fourier-Transform Infrared Spectroscopy (ATR-FTIR):

ATR-FTIR (Fourier-Transform Infrared Spectroscopy): ATR-FTIR is employed to differentiate
between various types of clay minerals and provides insights into their structure, composition, and
structural changes resulting from chemical modifications [44]. However, accurately identifying clay
minerals with this method can be challenging due to their variable chemical composition and
structural disorders. Additionally, clay minerals often occur as mixtures with varying ratios of
different clay minerals, further complicating their identification [45].

Fourier-Transform Infrared Spectroscopy (ATR-FTIR): ATR-FTIR spectra were acquired using a
Bruker Alpha FT-IR spectrometer with Opus 7.5 software and an ATR (Attenuated Total Reflection)
sampling device. The u-ATR-FTIR spectrometer featured a global source, a KBr beam splitter, and a
Deuterated Lanthanum o Alanine doped TriGlycine Sulphate detector operating at room
temperature. The ATR sampling device employed a diamond internal reflection element (IRE) in a
single-reflection configuration. Spectra were recorded over the spectral range of 400—4000 cm™ at a
resolution of 4cm-!, with 24 scans.

2.3. Energy-Dispersive X-ray Micro-fluorescence (EDxrf):

Energy-Dispersive X-ray Micro-fluorescence (EDxrf): EDxrf spectra of red ochre collected at the
Puerto Roque rock-art shelter provide valuable information about the elemental composition of the
samples. This technique is instrumental in identifying the elemental constituents of the pigments
[41,46-50].

EDxrf analysis was performed using a portable Bruker ARTAX 200 pEDxrf spectrometer
equipped with a Mo X-ray tube and a collimator with a diameter of 200 pm, enabling precise focusing
of the X-ray ion beam onto each sample. The analysis was conducted with voltages ranging from 15
to 50 kV and current levels between 1500 pA and 700 pA. The acquisition time for each sample was
60 seconds, and helium flow was employed to enhance the identification of light elements (e.g., Na,
etc.). XRF spectra were acquired and analysed using ARTAXControl 7.2 software.
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2.4. Scanning Electron Microscopy (SEM):

This method is useful for acquiring micrographs, elemental maps, and EDS spectra of the
analysed samples. For microstructural characterization and determination of the chemical
composition of the samples, the ZEISS EVO MA 15 scanning electron microscope (SEM) coupled with
an energy-dispersive X-ray spectroscopy (EDS) system (Aztec Oxford) was used. The SEM is
equipped with a silicon drift detector (SDD), a LaB6 filament as an electron source, and cobalt as a
calibration standard. With this instrument, even small rock and pigment fragments can be studied at
20 kV and a working distance of 8.5 mm under high vacuum using backscattered electrons (BSE).
Samples analysed with the scanning electron microscope can be analysed as they are or with surface
treatment. If the sample is treated for analysis, it can affect the use of other analytical techniques on
the same sample. To avoid this issue, samples can be analysed without prior surface treatment and
under variable pressure conditions. With the scanning electron microscope, there is also the
possibility of performing the SEM-EDS chemical mapping technique [51]. This technique is used to
investigate the distribution of elements within the samples and is widely used to differentiate
between rock, pigments, and patinas.

3. Results and Discussion

Some of the samples show a lack of results in some of the techniques applied due to the small
size of the samples taken. The summarised results from all different techniques applied to the 19
samples from Puerto Roque are in Table 1. To check the location of the samples and the respective
Micro-Raman, EDxrf ATR-FTIR and SEM results, please see Supplementary materials. The FTIR
analysis of samples Puerto_4, Puerto_6; Puerto_12 and Puerto_15 did not return any readable results.
In the case of sample Puerto_12, which was larger in quantity than the other samples, SEM-EDS
analysis could be carried out instead of FTIR analysis.

Table 1. Archaeometric results of multi-instrumental application (EDxrf, Raman, ATR-FTIR) to rock
art paintings of Abrigo Puerto Rock.

e epe . Micro- SEM-
Sample Scientific inquiry EDxrf Raman EDS ATR-FTIR
Puerto_01 Digit painting dlr?dly on the Ca, Fe Hematite Heated Clay
panel (Technique 1) -
Less visible digit paintings
Puerto_02 (different chronology or erosion — = e
issues?)
Dark red pigment - linear
Puerto_03 figures made with brush? Fe, Si Hematite Heated Clay
(Technique 2)
Very visible plant motif (non- Hematite,
Puerto_04 eometric figure) (different Ca, Fe e
- & urg 0se?) ! black, red -
purpose: ochre
Puerto_05 Accumulfatllon of p1gme'nt next Si, Fe, Ca, Sr Hematite Heated Clay
to very visible human figures -
Puerto_06 Super1mp9s1t10ns (mixture of Ca, Fe Hematite N
pigments?) -
Puerto_ 07 F.1gure with a h1gh~level of Fe, Ca Hematite Hematite, Qu?rtz,
erosion and encrustations on top - and Incrustations
Puerto_08 Pastier texture and different hue Ca, Fe Goethite .and _______ Quartz (Substrate)
Hematite -

Superimpositions and good
Puerto_09  visibility of pigments (different Fe, Si Hematite Quartz + Hematite

quality?)
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Sun-impacted orange figures.

Puerto_10 Different hues (erosion or on - Hematite ---
purpose)?

Difficult to visualise (erosionor = -

Puerto_11 different technique?) Ca, Fe Hematite i Clay
Usage .Of fingers e'md splashing Fe, i also ’ Fe, Al,
Puerto_12 pigment (mixture of Hematite K, P, ---
. Al K, and P
techniques?) Ca
Faded fi that is difficultto . e
Puerto_13 ade 1g1'1re at1s ditheuttto Ca, Fe, Si -— Quartz (Substrate)
see (erosion or on purpose)? -
Linear figures made from small Hematite,
Puerto_14 arfigu a a Fe, Ca Iron oxide Quartz + Hematite
dots (brush tool?) . -
(Magnetite)
Blurred orange figures (erosion . L
Puerto_15 Y Fe, Si Hematite -
or antiquity?) -
1, hard-to-seered dots . . e
Puerto_16 Small, hard t(,) see red dots Ca, Fe, Si Hematite Quartz + Hematite
(Technique 3) -
Puerto_17 Local raw material Fe, Ca Goethite Goethite
Puerto_18 Local raw material Fe, Ca Hematite Red Earth (Brown
- Ochre)
Goethit d -
Puerto_19 Local raw material Fe, Ca oethute an Goethite

Hematite -

3.1. Raman Spectra Results:

The Raman spectroscopy results confirm that the red figures at the Abrigo Puerto Roque rock-
art shelter primarily consist of hematite. The characteristic peaks of hematite, observed at 222, 289,
406, 607, 658, and 1313 cm”-1, are in line with findings from previous studies on prehistoric rock art
pigments [20,22,36,52]. Hematite is a common mineral and a key component of natural ochres, which
have been used in painting since prehistoric times [53]. However, Raman bands associated with clay
minerals were not detected in the spectra due to the strong fluorescence background from
aluminosilicates [19].

An intriguing aspect of the study is the presence of a double peak at 605 and 656 cm”-1. These
peaks can be attributed to a disordered phase of hematite, similar to what is found in natural ochres
[52,54]. However, it's important to note that several factors, both anthropogenic and natural, such as
heating, grinding, biodegradation, and weathering, can also lead to the appearance of these peaks
[565-57]. Raman spectroscopy alone may not distinguish between these factors [54,58].

3.2. Fourier-Transform Infrared Spectroscopy (ATR-FTIR) Results:

The ATR-FTIR results corroborate the findings obtained from other methods. The databases
already used in other studies [15,17,59,60] were used to assign and interpret the spectra obtained
through the ATR-FTIR analysis of the samples analysed. FTIR spectra are composed of peaks that,
based on the detectability of the sample, clay minerals and their structure, composition and structural
changes resulting from chemical modifications. In these spectra, peaks with different intensities are
identified such as very strong (vs), strong (s), medium (m), weak (w), very weak (vw) and shoulder
(sh). Specifically, the Puerto_ 1 sample presents peaks at 3361w, 3299w, 1670m, 1628m, 1457m, 1423m,
1013vvs, 776s, 689m, 526m, and 450vs cm”-1. The particular slope of the spectrum in the interval
3500-3100 cm”-1 is reflected in the slope observed in [59] in clay heated to 60°C. This finding suggests
that water absorption in this sample is partially obscured by the OH stretching structural band.

The Puerto_ 3 sample has peaks at 3627, 1429, 1010vvs, 917, 795, 775, 692, 531 and 461vs cm”-1.
The peaks around the value of 3620 cm”-1 are generally attributed to the internal hydroxyl groups of
the clay located between the tetrahedral and octahedral sheets of its structure [59]. The presence of
hematite is identified thanks to the absorption at 531 cm”-1.
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Puerto_ 5 sample reveals peaks at 3490, 1430, 1079vvs, 794, 777, 692, 520 and 462vs cm”-1, with
a broad band near 3430 cm”-1, this band is indicative of H-O-H vibrations of water adsorbed [59].

Sample Puerto_7 shows peaks at 3399, 1722, 1700, 1614, 1575, 1466, 1414, 1322, 1160, 1080vvs,
796, 779, 520 and 459s cm”-1, suggesting the presence of quartz, hematite and encrustations.

The Puerto_8 sample peaks at 1624, 1431, 1060vvs, 953, 791, 543 and 455vs cm”-1 are associated
with quartz found in the substrate rock.

Sample Puerto_ 9 shows peaks at 1431, 1074vvs, 780, 678, 614, 517, and 466s cm”-1, indicating a
quartz and hematite composition.

The Puerto_ 11 sample peaks at 3220, 1668, 1633, 1457, 1429, 1016vvs, 776, 689, 605, 522 and 458vs
cm”-1 reveal a clay-based sample composition.

The collective findings present a thorough comprehension of the mineralogical composition
inherent in the pigments employed in the rock art adorning Abrigo de Puerto Roque. These results
not only shed light on the intricate makeup of the pigments but also illuminate potential sources and
the alteration processes they may have undergone over time. The exploration into the mineralogical
aspects enriches our understanding of the geological origins and transformations that contribute to
the vibrant palette seen in rock art. It is essential to acknowledge, however, that some samples exhibit
a paucity of results in specific techniques. This limitation stems from the inherently diminutive size
of the samples procured during the sampling process. The petite nature of these samples poses a
challenge in executing certain analytical techniques, thereby restricting the depth of insights that can
be gleaned. Despite this constraint, the results still furnish valuable data, underscoring the
importance of judiciously considering the sample size in future analyses. In moving forward,
addressing the sample size limitations will be pivotal in unlocking a more comprehensive
understanding of the rock art pigments. Adopting methodologies that accommodate the nuances of
smaller samples and exploring complementary techniques could prove instrumental in overcoming
these challenges. This iterative refinement in sampling strategies and analytical approaches will
undoubtedly contribute to a more nuanced and detailed comprehension of the mineralogical
intricacies inherent in the captivating rock art of Abrigo Puerto Roque.

Fourier transform infrared spectroscopy (ATR-FTIR) results for the remaining samples are as
follows:

Sample Puerto_ 14: Presents peaks at 1080vs, 794, 778, 693, 641, 518 and 457vvs cm”-1, indicating
the presence of both quartz and hematite. Sample Puerto_ 16: Displays peaks at 1161, 1081vs, 795,
778,693, 641, 563, 517 and 459vvs cm”-1, also suggesting the presence of quartz and hematite. Sample
Puerto_ 17: shows peaks at 3149, 1641, 1009vvs, 900vs, 790vs, 617, 533 and 467 cm”-1, which
correspond to a composition consistent with natural ocher. Sample Puerto_ 18: Presents peaks at 3331,
1624, 1426, 985vvs, 625, 524 and 436 cm”-1, identifying it as natural brown ochre. Example Puerto_
19: presents peaks at 3081, 1563, 1034vs, 891vs, 794vs, 523s and 436vvs cm”-1, also indicating a
characteristic composition of natural ocher.

Significantly, it is imperative to underscore that Samples Puerto_4, Puerto_6, Puerto_10,
Puerto_12, and Puerto_15, when subjected to analysis with the ATR-FTIR equipment, did not
produce spectra deemed reliable for interpretation. This noteworthy observation adds a layer of
complexity to our exploration of pigment composition, shedding light on both the capabilities and
limitations of the analytical methods employed. While the absence of reliable spectra in these
particular samples presents a challenge in drawing direct conclusions about their molecular
composition, it intriguingly aligns with and fortifies the earlier findings regarding the prevalent use
of hematite and natural ochre in the rock art at Abrigo Puerto Roque. This concordance with previous
results serves to reinforce the robustness and reliability of the data obtained from other samples,
underlining the consistency in the pigments employed across the artistic depictions. In conclusion,
these results not only deepen our understanding of pigment composition but also underscore the
significance of methodological considerations in the scientific study of rock art. The nuances revealed
by the limitations in spectral data contribute to a more comprehensive appreciation of the analytical
process and, in tandem with previous findings, strengthen our comprehension of the rich and diverse
palette employed by the ancient artists at Abrigo Puerto Roque.
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3.3. X-ray fluorescence (EDxrf) Results:

The results obtained from X-ray fluorescence (EDxrf) analysis of samples collected from the red
figures at the Abrigo Puerto Roque rock-art shelter reveal that these red pigments predominantly
consist of iron (Fe) and, in some instances, calcium (Ca). Additionally, there is a presence of siliceous
(5i), likely associated with the underlying quartzite substrate of the rock.

Remarkably, the samples numbered 01, 03, 05, 07, 09, and 11, distinguished by their vibrant red
hues, display a striking resemblance in elemental composition to the ochre pieces meticulously
examined —specifically, samples Puerto_17, Puerto_18, and Puerto_19. This compelling similarity
strongly implies a significant correlation between the red pigments employed in these figurative
representations and the ochre derived from the shelter's environs as has been identified at other sites
in the Arronches Region [61]. The convergence of elemental composition between the vividly red
samples and the ochre specimens extracted from the shelter establishes a tangible link, accentuating
the coherence in the pigments' origins. This finding not only underscores the consistency in the colour
palette chosen by the artisans but also provides crucial insights into the sourcing and utilisation of
ochre in the creation of the rock art at Abrigo Puerto Roque.

3.4. SEM-EDS results:

SEM-EDS analysis has confirmed the presence of Fe in high proportions and, on the other hand,
it has highlighted the presence of other elements such as Si referable to substrate rock. In addition to
high concentration of Fe, SEM-EDS analyses on red samples revealed also the presence of Ca and
some K. Thanks to the thickness of the pictorial layer, it is possible to attribute these elements to the
concretion matrix and not to pigment or the rock substratum, reinforcing the hypothesis that red
pigment has been obtained from natural red ochre [62] whose ochres are very common in the study
area. Moreover, the red and the dark red pigments show a different chemical composition, suggesting
that they could come from different ochres, in particular arsenic that can be used as a tracer element
for provenance study. In any case, further trace elements analyses of the red pigments should be
performed in order to confirm this hypothesis. Ochre does not seem to be the only raw material used
to make red pigment. The analysis of the Sample 12 taken from Abrigo Puerto Roque suggests the
use of a clay component in association with hematite, the red ochre sample presented Fe, also Al and
K, as long as P from alteration of the rock surface (patina).

This collective set of results furnishes a thorough and comprehensive insight into the intricate
mineralogical composition characterising the pigments employed in the rock art adorning Abrigo
Puerto Roque. Not only do these findings illuminate the specific minerals constituting the pigments,
but they also contribute valuable perspectives on the potential origins of these minerals and the
alteration processes they may have undergone.

In the meticulous analysis of samples extracted from the Puerto Roque rock-art shelter, a
compelling revelation emerges. Notably, samples Puerto_1, Puerto_3, and Puerto_11 exhibit the same
composition as sample Puerto_17 (natural red ochre), suggesting they were prepared with the same
natural source of pigment. The presence of calcium peaks in Samples Puerto_1 and Puerto_11 aligns
with the results obtained from EDxrf. Sample Puerto_ 4 contains charcoal in addition to red ochre,
indicating that charcoal was likely added during the pigment preparation process. Sample Puerto_ 5
contains silicates along with hematite. Samples Puerto_6 and Puerto_7 contain hematite, quartz, and
incrustations. Samples Puerto_9, Puerto_10, and Puerto_15 primarily consist of hematite. Sample
Puerto_8 contains goethite and hematite, resembling natural ochre (Sample Puerto_18). Sample
Puerto_12 includes Fe, Al, K, and P, likely from alteration of the rock surface (patina). Samples
Puerto_13 to Puerto_16 are primarily composed of Fe and Ca, with both elements identified in the
EDxrf spectra.

Although in the area of Spanish Extremadura, organic elements in schematic art paintings have
already been identified in other shelters previously [15,16] it's noteworthy that within the realm of
studies focusing on rock art pigments, the identification of organic binders remains a rare occurrence
when employing the aforementioned techniques. This observation accentuates the prevailing
dominance of inorganic components and the products of deterioration in the composition of these
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artistic materials. The scarcity of detected organic binders underscores the challenges and
complexities associated with their preservation over time, shedding light on the resilient and
enduring nature of the inorganic elements present in rock art pigments [63]. This nuanced
understanding invites further exploration into the dynamic interplay between organic and inorganic
components, offering valuable insights into the long-term preservation and alterations that shape the
captivating world of rock art [17,64].

4. Conclusions

Archaeometric studies were meticulously carried out on samples extracted from the prehistoric
paintings within the Puerto Roque open-air shelter in the Spanish Extremadura. The findings point
towards the plausible use of red hematite pigments sourced from diverse regional ochres, with the
additional detection of clay minerals, as indicated in the works of [15,65,66]. The revelation of
hematite, clay minerals, and quartz through Raman spectroscopy, coupled with the significant iron
abundance identified by ATR-FTIR, strongly indicates the utilisation of ochre pigments to achieve
the striking red hues in the rock art [67,68]. Furthermore, the likelihood of a heating process
enhancing the red coloration is supported by the spectra obtained from samples Puerto_1, Puerto_3,
and Puerto_5, aligning with the findings of [69,70]. The SEM analysis of sample Puerto_12 returned
a response consistent with that obtained from the XRF analysis performed on the same sample.

These advanced analytical techniques not only contribute to the elucidation of pigment
composition and preparation methods but also play a pivotal role in the ongoing monitoring and
conservation of rock art sites. Recognizing that each rock art site possesses a unique microclimate
influencing the preservation of pigments and substrates, the application of archaeometric studies at
a local level becomes paramount. This localised approach is crucial for making informed decisions
that contribute to the preservation and safeguarding of these invaluable cultural resources. It
underscores the interdisciplinary synergy between archaeology and material science in unravelling
the mysteries of the past while ensuring the sustainable conservation of our cultural heritage [71].

These analytical techniques not only assist in identifying the composition and preparation
methods of the pigments but also play a crucial role in the monitoring and conservation of rock art
sites. Each rock art site possesses a unique microclimate that impacts the preservation of pigments
and substrates. Therefore, conducting archaeometric studies at a local level is essential for making
informed decisions regarding the preservation of these valuable cultural resources [72].

Understanding the intricate processes involved in the preparation of prehistoric pigments for
rock art holds paramount significance in unravelling the artistic techniques employed by prehistoric
artists. The revelation of hematite, clay minerals, and quartz through Raman spectroscopy, along
with the substantial iron abundance identified by ATR-FTIR, serves as a tangible gateway into
deciphering the pigments' composition. The strong indication of ochre pigment utilisation to achieve
the vibrant red hues in rock art not only adds depth to our comprehension of artistic choices but also
unveils the resourcefulness of those peoples in utilising locally available materials. This insight
contributes to a broader understanding of cultural practices, providing a lens through which we can
explore the artistic preferences and material culture of prehistoric communities [73,74]. Furthermore,
the discerned likelihood of a heating process contributing to the enhancement of red coloration, as
supported by the spectra from specific samples and aligned with previous research findings,
underscores the technological sophistication of these early artistic endeavours. Delving into the
preparation techniques unveils a deliberate and intentional approach to colour manipulation,
shedding light on the nuanced understanding ancient communities possessed about the
transformative potential of their materials. This knowledge is crucial not only for unravelling the
aesthetics of rock art but also for appreciating the technological ingenuity that underpinned these
artistic expressions. In essence, the study of preparation processes for prehistoric pigments becomes
a window into the cultural and technological tapestry of ancient societies, enriching our narrative of
human creativity and innovation.

In summary, the amalgamation of diverse analytical techniques has demonstrated its efficacy in
unveiling the intricate mineralogical components embedded within the pigments, thereby
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illuminating the nuanced world of their preparation techniques. The identification of multiple
processes employed in transforming and preparing these pigments strongly implies purposeful
actions within a specific cultural and artistic context. This insight suggests a meticulous and
intentional selection of raw materials and techniques, with colour emerging as a significant criterion
guiding these choices. The varied processes involved in pigment transformation and preparation
unveil a sophisticated activity that demands not only specific knowledge but also dedicated time
within the community. This intricate practice implies an initial conceptualization, wherein the final
objective was likely predetermined. The deliberate nature of these choices emphasises the cultural
significance of the pigments and the meticulous approach taken by the creators in transforming
natural materials into vibrant expressions of art. This intricate dance of preparation techniques,
driven by intentional decisions, underscores the rich tapestry of knowledge and craftsmanship
embedded within the community, revealing rock art as a dynamic and purposeful cultural practice.
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