PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Chieli A, Vendrell M, Roldéan C, Girdldez P,
Domingo | (2022) Characterizing paint
technologies and recipes in Levantine and
Schematic rock art: El Carche site as a case study
(Jalance, Spain). PLoS ONE 17(8): 0271276.
https://doi.org/10.1371/journal.pone.0271276

Editor: Andrea Zerboni, Universita degli Studi di
Milano, ITALY

Received: November 26, 2021
Accepted: June 28, 2022
Published: August 15, 2022

Copyright: © 2022 Chieli et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper or included in the Supporting
Information files.

Funding: This research has been funded through
different research projects granted to 1.D.: ERC
CoG project LArcHer, funded by the European
Research Council (https:/erc.europa.eu) under the
European Union’s Horizon 2020 research and
innovation programme —grant agreement No.
819404—; HAR2016-80693-P, funded by the
Spanish Ministry of Economy, Industry,

RESEARCH ARTICLE

Characterizing paint technologies and recipes
in Levantine and Schematic rock art: El Carche
site as a case study (Jalance, Spain)

Annalisa Chieli', Marius Vendrell?, Clodoaldo Roldan®3, Pilar Giraldez?,
Ines Domingo®**

1 LArcHer, Universitat de Barcelona, Barcelona, Spain, 2 Patrimoni 2.0, Barcelona, Spain, 3 ICMUV,
Universitat de Valéncia, Valencia, Spain, 4 ICREA, Universitat de Barcelona, SERP, Barcelona, Spain

* Ines.domingo@ub.edu

Abstract

This paper contributes to current debates on the technologies and practices of prehistoric
artists using the rock art site of el Carche (Jalance, Spain) as a case study. The site pre-
serves both Levantine and Schematic paintings, yet poorly understood from an analytical
point of view. In the past, it has even been argued how little differentiation there is between
these two post-Paleolithic traditions in terms of paint composition. Our aim with this paper
was to identify pigments, paint recipes and technologies and decipher the order of the super-
impositions, both between Levantine motifs of different styles, and between these and the
Schematic ones. To do so, we adopted a multi-stage and multi-technical analytical strategy,
trying to find a balance between sound scientific investigation and impact on the art, consid-
ering the irreplaceable nature of this World Heritage rock art. As such, our approach begins
with in situ non-invasive investigations using portable EDXRF, to then collect micro-samples
for non-destructive analyses by means of Optical Microscopy, Scanning Electron Micros-
copy coupled with Energy Dispersive X-Ray Spectroscopy (SEM-EDX), micro-Raman
Spectroscopy and Fourier Transform Infrared Spectroscopy (FTIR). One of the key high-
lights of these paper is the identification of up to four different paint compositions, produced
with various hematite-based raw materials and different processing techniques. This vari-
ability had not been previously documented. Interestingly though, no direct correlations
appear to exist between styles or sub-styles and recipes. Some of these paint mixtures
were even shared by both traditions. These results are discussed in cultural terms, challeng-
ing previous interpretations suggesting a similar pigment composition between Levantine
and Schematic art. Microstratigraphic analysis of the cross-sections only partially clarified
the overlapping sequence unveiling the complexity of these analysis. They also revealed
several degradation layers and external crusts related to rock alteration processes and bio-
logical formations. Their role in rock art conservation is also discussed.
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Introduction

In the last few decades, the application of various physico-chemical analyses to identify the
composition of pigments of prehistoric rock art are enabling progress in our understanding of
the technologies and practices of prehistoric artists worldwide and their evolution over time
[1-4]. The identification of the mineral sources is used to explore mobility practices and social
interactions [6-8]. Patterns of raw material transformation and variations in paint recipes are
used to explore changing social identities and cultural practices and to identify authors, tradi-
tions and schools [5-8]. Stratigraphic analyses are important to record and characterize rela-
tionships of paint layers as well as natural coatings and order chronologically painting events
[9,10]. This information would also help to understand processes of formation, change or
alteration of the layers and to write the conservation history of prehistoric art.

Our current collective knowledge derives from the widespread use of these techniques to
analyse various bodies of rock art around the world [1-4]. But progress is still needed to
understand the specific cultural attributes of each tradition. Our aim with this paper is to con-
tribute to both global and regional debates on this topic through the study of Levantine rock
art [2,11,12]. Levantine rock art is a prehistoric artistic tradition specific to Mediterranean Ibe-
ria. Levantine panels draw attention to human figures, their activities, and their material cul-
ture through a series of naturalistic scenes. In these scenes, humans are depicted on their own
or together with several animal species, to illustrate narratives of hunting, honey hunting, war
and violence, maternity, and death, etc. (for details and debates on this art see for example ref-
erence [13]). This art dates sometime around 7500 years ago, even though no reliable numeri-
cal dates are known yet [14].

In the last few decades analytical approaches to study this tradition have mainly aimed at
identifying the nature of the pigments and the recipes used to define the palette and the prac-
tices of Levantine artists [6,15-20]. Nevertheless, other issues, such as understanding the con-
servation threats and needs of both the paint and the substrate have also urge to use this type
of analysis [6,9,10,15-25].

The number of Levantine sites analysed so far is still low (for a recent review see ref. [11]).
Thus, more studies are needed to gain a better understanding of the technologies and practices
of Levantine artists and their evolution over time and space, and to assess whether they share
any common features with other major prehistoric artistic traditions.

To shed new light on these debates, this paper presents the results of our latest multi-
stepped and multi-technical analytical approach to the study of rock art pigments of el Carche
site. This site is of particular interest as it includes a variety of Levantine motifs in different
painting shades and styles, coexisting also with Schematic motifs. Schematic art is an art
depicting very simplified humans, animals, and geometric shapes, with different traditions
across Europe. In Mediterranean Iberia this tradition dates between the Early Neolithic and
the Bronze Age (for more details on this tradition in the study region see for example reference
[26]). Even more interestingly, a good number of el Carche paintings are part of complex
superimpositions, which are essential to construct a relative sequence of panel production. As
such, El Carche provides the ideal setting to explore if the high level of stylistic variability
observed in the motif shapes (whether Levantine or Schematic) is also seen in the composition
of the paints used in their production. Our previous attempts to establish the sequence of
motif addition at this site through non-invasive analysis (both in situ visual analysis and digital
image analysis and processing techniques -DStretch and PCA-) were unsuccessful [27], as pig-
ment opacity prevented the order of addition to be determined. Thus, the only option available
to clarify the ordering of motif addition was sampling.
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Following from this work, our next goal was to examine, identify and characterize the con-
stituent materials of Levantine and Schematic paintings and explore correlations between
them, both in terms of pigment composition and chronological sequences. In particular, our
aims were:

« to characterize the nature of the pigments,

o to identify variations in raw materials and recipes among the different Levantine substyles,
as well as between Levantine and Schematic art,

o to conduct stratigraphic analysis of the micro-samples to identify the sequence.

Considering the fragile and irreplaceable nature of prehistoric art, we decided to follow a
multi-step and multi-analytical protocol. This protocol involved a preliminary scientific
approach using non-invasive analytical method, followed by a more target sampling aimed at
addressing our research questions while minimizing impacts on the art. During the initial
phase of non-invasive in situ analysis we used EDXRF spectrometry for a first approach to the
elemental composition of the pigments and the substrate and to guide subsequent sampling.
This was followed by targeted micro-sampling of both single motifs and areas of overlap which
were analyzed using a combination of different analytical techniques (Optical Microscopy,
SEM-EDX, X-Ray Diffraction, Micro-Raman spectroscopy and FTIR). The characterization of
the substrate was also included as a procedure to identify which components of the rock sur-
face used as canvas were present in the pigment analysis and exclude them as potential compo-
nents of the paint.

Archaeological background and panel description

El Carche rock shelter, also known as Fuente del Candil or Poveda rock shelter, after the name
of the discoverer, is located in Jalance (Valencia province). It is a shallow rock shelter, measur-
ing 7.29 m long and 4.43 m high and facing southwest in a quite strategic location, at the con-
fluence between two ravines (for further details see ref. [28]) (Fig 1).

The son of local historian Poveda discovered the site in 1997 [29]. Years later it was men-
tioned again by Aparicio [30]. But both publications were rather brief and superficial and did
not reflect the special nature of the site for exploring questions related to the evolution of post-
Palaeolithic rock art. In 2009, we started a series of research and knowledge transfer projects in
collaboration with local city councils (Jalance and Ayora) and private archaeology consultants
(Cavea Patrimonio Cultural). Our aim was to study the prehistoric art of the Ayora-Cofrentes
Valley and to assess the potential to open some of these sites to the public. As part of these
projects, we fully studied el Carche rock shelter, producing new graphic records of the art
(photographs and digital tracings), and assessing the archaeological, artistic, and cultural val-
ues of this site [27,28]. As a result of these studies, we identified up to 15 painted motifs corre-
sponding to two different post-Palaeolithic rock art traditions (Fig 2): Levantine rock art and
Schematic rock art. Both traditions are listed in the Spanish National Heritage list as Bien de
Interés Cultural (the maximum recognition and protection of a cultural asset in this country).
In 1998, they were also included in the UNESCO World Heritage list, as a recognition of their
exceptional universal values.

The inventory of Levantine motifs includes remains of several human and animal represen-
tations (for an in-depth description of the motifs and scenes see reference [28]):

o 4 humans of different styles and sizes likely involved in different hunting scenes: motif 4, a
man of linear style with bow and arrows held in one hand and lifting a single arrow with the
other, while walking to the right; 5, part of the legs of a human; 12, remains of a probable
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Iberian
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Fig 1. Geographical location of el Carche site (Jalance, Spain) and photographs of the site and the surroundings.
Maps derived from ME500raster 2011-2012 CC-BY 4.0 ign.es.

https://doi.org/10.1371/journal.pone.0271276.g001

archer, possibly the head and an arrow; 13, archer facing right and holding a bow showing
the bowstring. The legs are missing,

« 3 male deer of different styles, colors, and sizes, likely produced at different times: motif 2,
pierced by an arrow through the belly and facing left. It was originally considered to be
related to archer 4 as part of a hunting scene; 9, located in the center of the panel. It faces
right, it is of large size, and it only preserves one of the antlers. 10, placed between the legs of
deer number 9. It is significantly smaller, it faces left, and it is partially covered by a darker
paint than may be related to a repainting event or to another almost lost figure,

1 horse facing right, with massive body and clear mane depicted in lighter red (motif 7),

remains of other 4 unidentified quadrupeds (motifs 6 and 14 facing right and 15 facing left,
and possibly 8, of which only a couple of parallel lines remain).

The list of Schematic motifs includes:

a possible headless animal facing left (motif 3),
o a headless anthropomorphic motif with arched arms and legs (motif 11).

When we studied the site, we were first struck by the number of superimpositions among
motifs. One of the overlaps includes up to seven of them: a superimposition including
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Fig 2. Digital tracing of the Levantine and Schematic paintings of el Carche rock shelter. Black numbers refer to motifs: 2. Deer, 3. Schematic unidentified
quadruped, 4. Linear archer, 5. Human legs, 6. Unidentified quadruped, 7. Horse, 8. Potential remains of an animal, 9. Deer, 10. Deer, 11. Schematic
anthropomorphic figure, 12. Archer, 13. Archer, 14 and 15. Unidentified quadruped. Red numbers refer to the points where microsamples were collected that
are highlighted with a line. See Table 1 for further information on the microsamples.

https://doi.org/10.1371/journal.pone.0271276.9002

Levantine motifs 5, 6, 7, 8 and 9. The other one involves Levantine deer 10 and Schematic
human 11 and, a third darker unidentified motif or repainting phase (as mentioned above),
which has not been individually traced as it is difficult to isolate from deer 10’s body. This sort
of palimpsests is quite unusual in Levantine panels. Superimpositions hold a particular scien-
tific value for rock art researchers as they are key to contribute to current debates on the artis-
tic sequence of Levantine art and the relationship between Levantine and Schematic traditions.
While Schematic art seems to be well placed chronologically in the Neolithic and later periods,
debates on the chronology and the lifestyles of Levantine artists (whether hunter-gatherers or
farmers) are continuing (for a summary of these debates see for example references [31-34]
among others). Therefore, clarifying the sequence between motifs 10 and 11 was important to
this research, considering the potential chronological implications of the results.

Materials and methods
Sampling
Nine micro samples belonging to both Levantine and Schematic motifs located at el Carche
rock shelter were collected. Sampling was performed by conservation expert E. Guillamet to
minimize impact. Sampling was authorized by Generalitat Valenciana as required by the Span-
ish and Valencian heritage legislation (File number 2013/0609-V (SS.TT.). Thus, all necessary
permits were obtained for the described study, which complied with all relevant regulations.
Samples include both single motifs (samples AC6 to AC9) and areas of superimposition
(samples AC1 to AC5) to stablish the sequence of painting events (Table 1 and Figs 2-4). Only
millimetric samples (size < 1 mm?) taken by professional conservators and prioritizing areas
with existing lacunas (see Figs 3 and 4, left column) were taken. Our aim was to: i) minimize
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Table 1. List of micro samples collected from the motifs.

Samples from superimposed motifs

Sample ID | Motif Number, Description and Style

AC1 9, dark purple deer, Levantine; 7, red horse, Levantine; 6, orange-like zoomorphic motif, Levantine
purp g P

AC2* 5, fragment of dark purple human, Levantine; 6, orange zoomorphic motif, Levantine

AC3 5, fragment of dark purple human, Levantine; 6, orange zoomorphic motif, Levantine

AC4 10, dark purple deer, Levantine; 11, purple/red anchoriform, Schematic

AC5* 10, dark purple deer, Levantine; 11, purple/red anchoriform, Schematic

Samples from single motif

Sample ID | Motif Number, Description and Style

AC6 13, red archer, Levantine

AC7 4, dark purple archer, Levantine

AC8 2, dark purple deer, Levantine

AC9 3, purple/red undefined motif, Schematic

*Samples with an asterisk are composed by two different fragments, namely AC2.1/AC2.2 for cross-section AC2 and
AC5.1/AC5.2 for cross-section AC5.

https://doi.org/10.1371/journal.pone.0271276.t001

damages to the art and the rock surface and, at the same time, ii) avoid producing new fissures
in the painted layer that eventually may contribute new sources of degradation. Microsamples
were removed with sterile scalpel blades and stored in Eppendorf tubes. Sampled areas were
photographically recorded before and after sampling. In the laboratory, the samples were
embedded in TECHNOVIT 4001 acrylic resin to create cross-sections for in-depth examina-
tion of their stratigraphy and composition (see Figs 3 and 4, right column). The micro frag-
ments appeared highly disaggregated due to a lack of cohesion between the constituent
materials. Hence, some broke into smaller fractions, some of which were also embedded. Such
is the case of samples AC2 and AC5, both resulting in two distinct polished cross-sections each
(AC2.1/AC2.2 and AC5.1/AC5.2).

Two samples from the substrate where also collected to differentiate between paint and
rock surface materials. Sample AC10 was taken directly from the substrate next to motif 2, and
it was analyzed without being embedded (S1 Fig 1 in S1 File, left column). Sample AC11 is a
fragment detached from the wall (thus collected on the ground) and it preserves the external
orange/brownish crust characteristic of the exposed rock surface (S1 Fig 1 in S1 File, right col-
umn). This sample was embedded in polyester resin.

Analytical methods

Portable Energy Dispersive X-ray Fluorescence Spectroscopy (EDXRF). The EDXRF
spectra were recorded in situ using a portable spectrometer [19] composed by a) miniaturized
X-ray tube (Eclipse-II Oxford Instruments) with transmission anode of silver (Ag) and that
can operate up to 30 kV and 0.1 mA; b) a semiconductor detector Si-PIN (Amptek XR-
100CR) of 6 mm2, 500 um thick, with a 13 um beryllium window and a resolution of 170 eV
(FWHM @ 5.9 keV); ¢) a standard electronics chain with an MCA pocket 8000A multichannel
analyzer (Amptek); d) a mechanical support designed to allow XYZ displacements and config-
ure the angular geometry between tube, sample and detector (Fig 5A). A gasoline-powered 600
W alternating current electric generator was used as power source. The analyzes were carried
out with the normal incidence of the X-ray beam on the sample and keeping the detector at an
angle of 45° with respect to said normal and with an excitation-detection time of 200 s. The
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Fig 3. A-D: Location of the sampling areas before extraction. E-I: Optical microscope images of the cross-sections of
the micro-samples collected in A-D. Images: A, E correspond to sample AC1; B, F and G correspond to samples AC2.1
and AC2.2; C, H correspond to sample AC3; D, I correspond to sample AC4. Scalebar = 100 um.

https://doi.org/10.1371/journal.pone.0271276.9003

distance between sample and detector was about 2 cm. An aluminum collimator, located at the
outlet of the tube, provides a 5 mm diameter irradiation area on the sample. The penetration
depth assuming a density of 5 g/cm” irradiated with a continuum X-ray spectra of 30 kV with
a maximum of 20 keV, is about 300 microns for I/I, = 10%. Thus, considering the thickness of
the stratigraphy, the EDXRF spectra include information of all the strata (substrate included).
The XRF spectra recorded were processed using the PyYMCA software [35]. In particular, the
fluorescence lines net areas of the most frequent element identified (values reported in S1
Table 1 in S1 File), have been divided by the total area of the spectrum to normalize the
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Fig 4. A-E: Location of the sampling areas before extraction. F-K: Optical microscope images of the cross-sections of
the micro-samples collected in A-E. Images: A, F and G correspond to samples AC5.1 and AC5.2; B, H correspond to
sample AC6; C, I correspond to sample AC7; D, ] correspond to sample AC8; E, K correspond to sample AC9.
Scalebar = 100 pm.

https://doi.org/10.1371/journal.pone.0271276.g004

possible effects of the tube-sample-detector geometry and the fluctuations of the X-ray tube
current intensity. Assuming the homogeneity of the substrate, the analyses were performed by
recording spectra of both painted and unpainted areas to identify the elements of the pictorial
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Fig 5. A) Portable EDXRF spectrometer employed for in-situ analyses; B) EDXREF spectra collected on the rock
surface (red line) and on the red paint of motif 5 (black line).

https://doi.org/10.1371/journal.pone.0271276.9005

layer and those of the substrate. 12 motifs were selected for EDXRF analysis, resulting in 33
non-destructive punctual analyses, of which 24 correspond to red pigments and 9 to the rock
surface (S1 Table 1 and S1 Fig 1 in S1 File).
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Optical microscopy. A Zeiss universal optical microscope with reflected light arrange-
ment was used. A prism instead of a mirror was used as reflector to increase the light effi-
ciency. The illumination was under dark field by observing the sample between crossed
polarizers to cut the light reflected on the surface and to get only the diffuse reflectance inside
the sample: this configuration allows to see the true colors of the layers forming the sample
and thus, to study the stratigraphy layer by layer. Under these conditions, microphotographs
of the samples were taken at different magnifications (8x, 16x and 40x).

Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDX).
We used a Hitachi TM-3030plus with an acceleration voltage of 15 kV equipped with detectors
of secondary and backscattered electrons as well as the X-ray dispersed by the sample (EDX)
(Bruker, Scan Generator). Since this microscope works at low vacuum, the samples do not
need to be metalized (and subsequently cleaned to remove the coating) and they can be
observed and analyzed as they appear. This way we remove any risks of altering the samples.

X-Ray Diffraction. XRD analyses were exclusively performed in substrate sample AC10.
A Bruker D8-Advance diffraction system operating at 40 kV and 30 mA with monochromatic
Cu-Ko radiation was used. The samples were powered in an agate mortar and mounted in
conventional aluminum holders before measurements. The intensity was measured in the 20
range from 5° to 80° at a step size of 0.02° and a counting time of 0.2 s per step. The data were
recorded and identified using PANalytical X’Pert HighScore Plus software and the diffracto-
gram was plotted using OrignLab.

Micro-Raman spectroscopy. Raman spectra were obtained on polished cross-sections
with a HORIBA Jobin Yvon Lab Ram HR800 dispersive spectrometer equipped with an Olym-
pus BXFM optical microscope at the Molecular Spectroscopy unit at the CCiTUB. Two differ-
ent excitation lasers have been used to investigate the micro samples, namely 523 nm and 785
nm, using a grating of 600 and 300 and a spectral resolution of ca. 1,7 and 1,6 cm™, respec-
tively. A 50x and 100x objective lens were used to focus the laser beam spot on the sample sur-
face, with a spot size of ca. 2 and 1 pum respectively, using a laser power < 1 mW—to avoid any
effect due to laser power induced transformation on the studied materials [36]- 5-10 s of expo-
sure time and a number of spectra accumulations between 2-5. The spectra were recorded in
the spectral range between 190-1650 cm ™ and they were plotted using OriginLab software
without further data treatments.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR measurements in reflectance
mode were obtained using a Nicolet™ iN10 MX Infrared Imaging Microscope, equipped with
an MCT (mercury-cadmium-telluride) detector. For the mapping analyses of cross-sections
ACI1-ACY, the spectra have been collected over the 4000-675 cm ™' range, and they were
obtained by averaging 64 acquisitions with 4 cm™" spectral resolution, using an optical aper-
ture of 100 um with 5 pm of step-size. Surface of sample AC10 was analyzed using punctual
system, following the same experimental conditions. Software OMNIC Picta (Thermo Fisher
Scientific) was used to process the spectra and the imaging, and OriginLab to plot the selected
curves. For the cross-sections analyses, we faced various difficulties with the current method to
obtain the maps, both related to the penetration of the resin into the samples and their rough
surfaces. Sample AC4 and AC6 were not analyzed due to their small dimension. The reflec-
tance spectra acquired during the cross-sections analyses were directly converted to absor-
bance using the inbuilt OMNIC Picta Kramers-Kronig Transformation (KKT) to facilitate
their reading [37,38]. These analyses have been performed at the Molecular Spectroscopy unit
of the CCiTUB.

Measurements of cross-section of sample AC11 were performed by punctual ATR system
using LUMOS 1I spectrophotometer by Bruker (spectral range from 600-4000 cm ™, 4 cm™
spectral resolution) interfaced with OPUS software.
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Results

The results of the analyses will be discussed in two sections. The first one describes those analy-
ses performed to characterize the substrate, while the second reports the analyses of the rock
paintings and their cross-sections. As previously mentioned, the analysis of the substrate is a
crucial prerequisite for a correct understanding of the results of the pictorial layers, which is
the aim of this study. In both cases, non-invasive in situ EDXRF analyses were applied, fol-
lowed by specific non-destructive methods.

Characterization of the substrate

In situ non-invasive EDXRF analyses. EDXREF spectra recorded on the rock surface (S1
Fig 2 in S1 File) presented a typical composition of limestone rock with a massive presence of
Ca as main element, followed by Sr and S. These elements could be associated with calcium
and strontium sulfates (Fig 5B-red line). Comparing the different spectra of the rock surface, S
amount is variable and such variation may correlate with the major/minor presence of external
sulfate-based formations, likely gypsum, either as accretion or alteration products of the lime-
stone substratum [16,25]. Minor presence of Fe, K, Ti, Mn also occurred in all analyzed points
(S1 Table 1). The calculated fluorescence line areas of the most significant elements (S, K, Ca,
Ti, Mn, Fe, and Sr), representative of the composition of all the analyzed points, and their
codes, are displayed in S1 Table 1 in S1 File.

XRD and FTIR analyses of substrate samples. Substrate sample AC10 was analyzed by
X-ray diffraction (XRD) and by FTIR spectroscopy in reflectance configuration (S1 Fig 3 in S1
File) to identify substrate compounds and differentiate them from those of the paint. From
XRD results, calcite (CaCO;) was identified as the major phase of the substrate, in addition to
other mineral phases like quartz (0.-SiO,), gypsum (CaSO,4-2H,0), celestite (SrSO,), and lower
amount hydroxyapatite Cas(PO,);(OH) and whewellite (CaC,04-H,0). IR reflectance analy-
ses performed on the surface of sample AC10 confirmed the expected composition, with
strong signals of calcium carbonate, gypsum, and variable presence of calcium oxalates (whe-
wellite-like), and hydrated silicates species like kaolin (S1 Fig 3B in S1 File), the latter identified
in the most orangish part of the sample. SEM-EDX and FTIR/ATR analyses of the cross-sec-
tion of sample AC11 identify calcite, Ca-oxalates, celestite and silicates material as main com-
ponent of the orange/brownish coatings characteristic of the exposed rock surface (S1 Fig 4 in
S1 File). Considering both the morphological (radial crystals features) and geochemical char-
acteristics, this crust is likely a result of biological constructions [39]. A detailed description of
the results of both samples is reported in the supporting information. Overall, the results
obtained from the substrate are consistent with those of the EDXRF analyses explaining the
high presence of Ca, S and Sr in the EDXREF spectra of the substrate.

Characterization of the paintings

In situ non-invasive EDXRF analyses. The paintings were produced in various shades of
red, ranging from red to dark purple. Visual assessment of the colors is often affected by alter-
ation factors and, mainly, by surface patinas or deposits of varied color ranging from orange to
dark brown. Interestingly, the EDXRF spectra recorded on the paintings (S1 Fig 2 and S1
Table 1 in S1 File) show that regardless of the color nuance, all red motifs presented very simi-
lar spectra, with higher amount of Fe than the substrate (Fig 5B-black line). This suggests the
use of iron-based compounds, probably Fe oxides/hydroxides (e.g., red ocher, hematite, etc.),
as main raw material. These results are in line with those reported in the archaeological litera-
ture on the nature of the red pigments used by Levantine artists [11,12]. No additional minor
and/or trace elements were detected. As in rock surface, the randomly varying amount of S in
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the spectra of the red motifs is probably related to the presence of external sulphate-based pati-
nas randomly covering the paintings. The calculated fluorescence line areas of the most signifi-
cant elements (S, K, Ca, Ti, Mn, Fe, and Sr), representative of the composition of all the
analyzed points, and the codes assigned to the analyzed spots are displayed in S1 Table 1 in S1
File. Plotting the normalized areas of the Fe(Ko) fluorescence lines versus those of Mn(Ka),
some further indications can be outlined about the constitutive materials of the motifs (S1 Fig
5 in S1 File). The presence of Mn, beyond its detection in the rock surface (red circles in S1 Fig
5 in S1 File), seems correlated to the iron for some motifs (it is important to note that some
measurements collected from the same motif show different amounts of Fe/Mn, probably due
to the thickness and/or deterioration of the pictorial layer [40]). Some EDXRF spectra of the
pigmented zones show a Mn content similar to unpigmented areas, with a higher/lower
amount of Fe obviously due to the red pigment of the motifs (black squares in S1 Fig 5in S1
File). For example, the spectra of motifs 6 and 7 (both in orange/reddish color) have an
amount of Mn/Fe very similar to those of the substrate. While in another group of measure-
ments the net areas of the Mn and Fe are significantly higher than in the substrate, as visible in
most of the points collected in motifs 9 and 2 (of purplish color). These results could suggest 1)
the use of different sources and ii) that some of the iron-based raw material used to depict
these motifs show Mn inclusions. Thus, EDXRF in-situ analyses could provide preliminary
indications of the use of different raw materials in the different phases of art creation, as previ-
ously reported in the study of pigments from the site of la Saltadora (Castellon, Spain) [19].

SEM-EDX, micro-Raman and FTIR analyses of the painting cross-sections. Motivated
by the search for answers to specific archaeological questions and guided by data obtained
from previous non-invasive EDXRF analyses, targeted sampling of the painted motifs and
areas of superimposition was carried out. The aim was to further investigate the paint compo-
sition and the stratigraphy, as well as the pigment production technologies and recipes used by
Levantine and Schematic artists.

Sample cross-sections have been investigated by SEM-EDX, micro-Raman spectroscopy
and Fourier Transform Infrared spectroscopy in reflectance configuration, after examination
by Optical Microscopy. All samples show a similar microstratigraphic structure, regardless of
whether they belong to a single motif or to two superimposed motifs. Cross-sections share
four main features, as shown in the OM and SEM pictures (Figs 3 and 4 and S1 Figs 6-8 in S1
File). From bottom to top, the cross-sections include:

i. the rock, with higher porosity as it nears the surface, where

ii. a dense and compact patina, of which the aspect and texture indicate a biological origin, is
coating it. Calcium-oxalates in the form of whewellite (CaC,0,-H,0) and calcite (CaCO5)
have been identified as main components of this interstratified coating, with a random
presence of calcium and strontium sulphates formations, namely gypsum (CaSO,-2H,0)
and celestine (SrSO,). Calcite is the main component of the substrate, while in some sam-
ples (AC1, AC7 and AC9) needle-like crystals of celestine are also identified in the substrate
(S1 Fig 9 in S1 File). Following,

iii. ared pictorial layer, constituted by hematite (Fe,O3) as the main mineral phase. While
hematite is the main component of the red paints, different motifs show different hema-
tite-based formulations, as discussed below. The paint layer iii shows both thicknesses
(ranging from 5 um to 50 um) and a number of strata variables, depending on the micro
fragment analyzed. In fact, it can present either a single red block with the same composi-
tion, like in cross-sections AC2.1, AC2.2, AC5.1, AC6, AC7 and ACY; or two adjacent red
pictorial strata (referred to as top and bottom in the text) with different formulations, as
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seen in samples AC1 and AC3; or the same composition but disrupted by interstratified
layers of oxalates and/or gypsum, as in cross-sections AC4, AC5.2, and AC8. Small black
grains of amorphous carbon, most likely of biological origin, are visible at the bottom edge
of the painted layers (samples AC3, AC6, and AC8) and at the interface between them and
the underlaying patina.

iv. An external compact coating/crust of variable width, stromatolite-like appearance and sim-
ilar texture and shape to layer ii, evenly covers the red paint. This layer is variably com-
posed by whewellite (CaC,0,-H,0), gypsum (CaSO,-2H,0), celestine (SrSO,) and
silicates formations, as clayish minerals. The latter are probably related to aeolian materials,
such as dust adhering to the surface.

Similar microstratigraphic structure and constitutive materials have been also identified in
other analysis of Levantine rock art micro-samples [11].

Regarding the composition and characterization of the red pictorial layers, as already
mentioned, all of them are hematite based. Hematite and/or iron-rich compounds like red nat-
ural ochres [41] are the most common minerals used in rock art paintings around the world,
Levantine and Schematic art included [1-4,11]. Through the results of the SEM-EDX and
micro-Raman analyses of the cross-sections we have identified four different pictorial recipes
or paint mixtures (group 1-4), all with their own characteristics in both elemental composi-
tions and vibrational profiles (Table 2). Whether or not the mineral mixtures identified are
natural or intentionally made by the artists is not yet proven. Other researchers have already
discussed that different paint mixtures could either represent different paint recipes, or natural
formations from similar or different raw material sources [42].

The first group (group 1) includes the paint layers of cross-sections AC2.1, AC2.2,
AC5.1 and the top stratum of sample AC3, referred to as AC3,,, (Figs 3 and 4). SEM-EDX
analyses of the pictorial stratum of these cross-sections (Fig 6) show they are very compact and

Table 2. Results of the analyses of the pictorial layers of cross-sections AC1-AC9, divided into four groups according to the paint mixtures identified. The percen-
tual amount of the elements within brackets are < 1%. Quantitative micro-analyses are reported in S1 Table 2 in S1 File. *for sample AC4 and ACS8 the results of the top

layer are reported. (sup. = superimposition).

Groups Sample and
Motif n°

Group 1 AC2.1 -sup. 5/6
AC2.2 -sup. 5/6
AC3,op—sup. 5/6
AC5.1 -sup. 10/11

Group 2 AClyp—sup. 6/7/9
AC4"-sup. 10/11
AC5.2 -sup. fig. 10/11
AC8*-Fig2

Group 3 AClpottom—sup. 6/7/9
AC3pottom—sup. 5/6
AC6 -fig 13
AC9 -fig 3

Group 4 AC7 -Fig4

https://doi.org/10.1371/journal.pone.0271276.t1002

Paint Layer Characterization

Elemental Fe Main Phases Identification
Composition (Ww%)

, C, Ca, Fe, Mg (Si, AL, CL, K, S, Na, P) 9,7% Hematite (size < 1 um) + dolomite + whewellite

, C, Ca, Fe, Mg (Si, AL, Na, S, CL K, P) 8,2%

, C, Ca, Fe, Mg, Si (S, AL K, Cl, Na, P) 11,7%

, C, Ca, Fe, Mg (Si, AL S, K, Sr, Cl, Na, P) 13,2%

C, Fe, Ca, Si (AL K, Mg, S, Cl, Na, P, Mn 15,5% Hematite (size < 1 pm) + whewellite

O, C, Fe, Ca (Si, AL, K, Mg, S, Na, Sr, Cl, P) 15,9%
0, C, Fe, Ca (S, S, K, Mg, Al, Na, Cl, P) 22,1%
O, C, Fe, Ca (Si, Mn, Mg, AL, Na, S, Cl, P) 20,9%

, C, Ca, Fe, Si, AL, K (Mg, P, S, Cl, Na) 8,4% Hematite (size < 1 pm) + clay matrix + whewellite
0, C, Ca, Fe, Si, S (Mg, Al, Na, K, Cl, P) 8,6%
0, C, Ca, Fe, Sr, Si, S (AL, Mg, P, Cl, K) 3,7%
0, C, Ca, Fe, Si, Al (S, Mg, K, P, Cl, Na) 7,2%
0, C, Fe, Ca, Si (AL, K, Mg, S, Cl, P, Na) 14,3% Elongated hematite + whewellite
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composed by an important amount of Fe-rich pseudospherical crystals (in green in the
SEM-EDX elemental mapping of Fig 5B, 5D, 5F and 5H), with sizes ranging between 100 to
300 nm, charged with polygonal crystals based on Ca and Mg of size ca. 10 um. These latter are
well correlated as displayed in magenta in the RGB composite images created by the superim-
position of the elemental mapping of Mgx,/Fex,/Cak,, for the red/green/blue channels in Fig
6B, 6D, 6F and 6H, suggesting the use of dolomite (CaMg)COj; together with the iron-oxide.
The paint layer thickness is variable and ranges from 10 to 50 um, depending on the sample.
All the cross-sections include the substrate.

Focusing on samples AC2 (divided into two fragments AC2.1 and 2.2) and AC3, they both
belong to the superimpositions of motifs 5 and 6, but the presence of two distinct layers is only
visible in sample AC3 (S1 Fig 10 in S1 File). These two layers (top and bottom in AC3 cross-
section, Fig 6E and 6F) are perfectly superimposed and no intermediate stratum occurs
between them. The top layer is constituted by hematite+dolomite and belongs to group 1.
Instead, the bottom layer is more orange and will be discussed as part of group 3. As sample
AC2, cross-section AC5.1 only shows one red stratum, even though it was collected at the
overlapping area between motifs 10 and 11. In group 1, the weight percentage of Fe in the red
layers ranges between 9-13% and that of Mg between 2-4% (Table 2 and S1 Table 2 in S1
File). Lower amounts of Al, Si and K are also randomly spread in the paint layers (Table 2 and
S1 Table 2 in S1 File, and S1 Fig 11B, 11E, 11H and 11K in S1 File) while gypsum and celestite
formations occur along the cross-sections, as shown in magenta and yellow respectively in the
RGB composite images created by the superimposition of the elemental mapping of Sx./Sryo/
Cagy, for the red/green/blue channels in S1 Fig 11C, 11F, 11T and 11L in S1 File.

Micro-Raman investigations confirm hematite as the unique iron oxide phase constituting
the red painting layers in the cross-sections (see S1 Tables 3 and 4 in S1 File). As main features,
the seven characteristic vibrational modes of hematite located at 221-225 (Alg), 243-245 cm’!
(Eg), 288-294 cm ™" (Eg), 405-410 cm™' (Eg), 493-498 cm™' (Alg), 604-610 cm™ (Eg) and 1315
cm’ -this latter is only detected using 532 nm laser excitation and it is assigned to a two-
magnon scattering of hematite- are identified in most of the samples as main constitutive com-
ponent of the red layers [36,43]. Moreover, all the red layer spectra show a weak band, like a
shoulder, at ca. 645-660 cm ™. The assignment of this band is still under debate since it could
be attributed to any residual presence of magnetite in the hematite compound [36], or it could
be due to the hematite itself, due to disorder effects in the crystal lattice [44,45]. Moreover, dis-
ordered hematite can originate either in nature due to natural defecting, Al substitution,
weathering or due to anthropic actions such as grinding, heating procedures, etc. [46-50]. In
fact, it is well-known that, under heating or grinding (so far only demonstrated with industrial
mills) [49,50], goethite dehydrates forming hematite and this argument is of great interest in
archeological contexts. At this stage, we cannot exclude any of these options regarding the
assignment of the band at 645-660 cm ™. In all paint spectra the monohydrate form of Ca-oxa-
late, whewellite, (CaC,0,4-H,0), has been identified, characterized by the intense Raman dou-
blet at 1458-62/1484-88 cm™" assigned to the C = O symmetric stretching mode of whewellite
(v{C = O). The 1631 cm™ peak is related to antisymmetric C = O stretching (v,C = O), while
the band at 895 cm™ is due to the C-C stretching mode (vC-C). Finally, the bands at 137 and
190 cm™ are ascribable to the lattice modes (S1 Tables 3 and 4 in S1 File) [51-54].

While hematite is always present, the Raman spectra of the red paints of the different sam-
ples show several differences both in terms of relative intensity and bandwidth of the iron
oxide peaks and in composition. In group 1 (Fig 7A, S1 Tables 3 and 4 in S1 File), paint layers
are characterized by the use of hematite and dolomite, CaMg(CO3),, confirming SEM-EDX
observations. Dolomite is identifiable by the peaks at 1096-1093 (Ag), 722 (Eg) (very weak)
and 173-176 (Eg) cm™! which are due to the symmetric stretching (v;), bending (v,), and
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Pat?2 0 HM D75 x12k 50 um

Fig 6. SEM backscattered images and their RGB composite images of the elemental distribution of Mgy,/Fex/
Cagg of a selected area of cross-sections AC2.1 (images A-B), AC2.2 (images C-D), AC3 (images E-F), AC5.1
(images G-H) constitutive of group 1. See S1 Figs 6 and 8 in S1 File to visualize the location of the analyzed areas
within the cross-section (framed by red squares).

https://doi.org/10.1371/journal.pone.0271276.9006
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Fig 7. Representative Raman spectra (Aexc = 785 nm) acquired in the pictorial layers of the cross-sections belonging to A) group 1 (line a = AC2.2, line
b = AC2.1, line ¢ = AC3,p, line d = AC5.1); B) group 2 (line a = ACl, line b = AC4, line ¢ = AC5.2 and line d = AC8); C) group 3 (line a = AClotoms line
b = AC3pottoms line ¢ = AC6 and line d = AC9); D) group 4 (line a = AC7). Legend: he = hematite; d = dolomite; wh = whewellite; cel = celestite; ¢ = calcite;

(vPO,®) = phosphate group assigned to apatite.

https://doi.org/10.1371/journal.pone.0271276.9007

external vibrations of carbonate group (CO57) of dolomite, respectively (S1 Tables 3 and 4 in
S1 File) [55,56]. Motifs in this first group are purple.

Group 2 includes the red paint layers of samples AC4, AC5.2, AC8, and the top stratum
of sample AC1, named ACl,,, (Figs 3 and 4, Table 2). SEM-EDX analyses (Fig 8) show
that the pictorial layers of these samples are made up of Fe-rich particles of submicron crystals
(size < 1 pm), attributable to iron oxides, (in green in the SEM-EDX elemental mapping of Fig
8B, 8D, 8F and 8H), with sizes ranging between 50 and 300 nm, occasionally forming clusters
up to ca. 10 pm. The Fe-rich grains are included within a calcium-based matrix (Table 2 and
S1 Table 2 in S1 File). These layers are the richest in iron among the four groups, whose weight
percentage ranges from 15-22% (Table 2 and S1 Table 2 in S1 File). The red layers have no sig-
nificant amount of characteristic elements (Al, K and Si are all <1%—S1 Table 2 and S1 Fig 12
in S1 File), nor do they contain Mg as in the previous group. In line with the in situ XRF analy-
ses, the pictorial layers of cross-sections AC8 and ACl, belonging to motif 2 and to the
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superimposition of motifs 6, 7 and 9 respectively, also display a low amount of Mn, as shown
in the mapping of S1 Fig 13 in S1 File. This evidence also might suggest that the top layer of
sample AC1 belongs to motif 9.

The thickness of the paint layer of the cross-sections ranges from 10 to 20 um, depending
on each sample. In sample AC1, only two of the three expected strata are distinguished. They
have different composition and texture and, as sample AC3, they are perfectly adjacent to each
other. On the contrary, in samples AC4, AC5.2 and ACS8 the paint layer does not appear as a
single block, but a dense parallel layer rich in calcium (composed by whewellite as identified
by micro-Raman analyses) is present as if dividing the paint layer into two strata, whose com-
position is similar according to SEM-EDX microanalyses (Fig 8, Table 2 and S1 Table 2 in S1
File). In particular, samples AC4 and AC5.2 belong to the superimpositions of motifs 10 and
11, while AC8 belongs to motif 2. In all three cases, the microstratigraphy of the fragments
does not contain the substrate. Their composition and texture are very similar, both within
and between samples. Moreover, well-defined gypsum rich parallel levels (in magenta in the
RGB composite images created by the superimposition of the elemental mapping of Sx./Fex,/
Cagy, for the red/green/blue channels shown in Fig 8) are also present in these samples and, in
cross-section ACS, they also interfere with the pictorial layer (Fig 8H). Defined levels rich on P
are also distinguishable, distributed in the calcium-rich strata (S1 Fig 12C, 12F, 12I, 12L in S1
File). Raman analyses highlight the presence of calcium phosphate, as apatite (as will be further
discussed below). Considering their stratigraphic distribution, these phosphates layers could
be bioconstructions [57]. Micro-Raman spectra of group 2 (Fig 7B, S1 Tables 3 and 4 in S1
File) show that the peaks of hematite are all quite intense and narrow, presenting better scatter-
ing as well among all the investigated groups. Whewellite signals are also detected within the
paint layers. Moreover, in some spectra of the paint layers of cross-sections AC5.2 and AC8
signal at 1445 cm™ has been detected. This band has been assigned to a calcium carboxylate
species [58]. Further discussion will be addressed later in the FTIR results section. Confirming
SEM-EDX results, in samples AC4, AC5.2 and AC8, with the pictorial layer divided into two
levels, no spectral differences between both layers have been identified. High whewellite signals
have also been identified both in the Ca-based interstratified layers dividing the paint strata
and within these latter. Motifs in this second group are red/purple.

Group 3 includes the red paint strata of samples AC6 and AC9 and the bottom layers of
AC1 and AC3, named AClpgtom and AC3pottom respectively (Figs 3 and 4). Based on
SEM-EDX analyses (Fig 9 and S1 Fig 14 in S1 File), they are composed of very tiny Fe particles
within Al, Si and K matrix assigned to clay minerals, also identified by the flat morphology of
their crystals. The former appears in green in the RGB composite images of the elemental map-
ping of Sikq/Fexq/Alk, for the red/green/blue channels. The RGB composite figures of the ele-
mental maps of Aly,/Sixe/Kko are shown in S1 Figs 11G, 11H, 12A, 12B, 14B and 14E in S1
File. The weight percentage of Fe in samples of group 3 ranges between 4-8% (Table 2 and S1
Table 2 in S1 File) and it is the lower among the four identified groups. Unlike the other
groups, the painting layers of this group are highly heterogeneous: for example, the pictorial
layer of cross-sections AC6 and AC9 appear highly diluted in some points while in others iron
(IIT) oxide crystals of larger size, up to 50 microns, are present (and appear as black agglomer-
ates under the optical microscope, and displayed in Fig 4H and 4K). In these samples, defined
levels of gypsum and celestite interfere also with the pictorial layers (S1 Fig 14C, 14F in S1
File). The micro-Raman spectra (Fig 7C and S1 Tables 3 and 4 in S1 File) of group 3 show very
broad and not very intense hematite peaks, which can be related to the low crystallinity and
the disordered structure of the investigated material. Moreover, a very pronounced fluores-
cence background affected the micro-Raman investigations, which is in accordance with the
presence of clay matrix in the pictorial layer [59]. Again, signals of whewellite are detected in
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Fig 8. SEM backscattered images and their RGB composite images of the elemental distribution of Sk,/Fek,/Cax,, of a
selected area of the cross-sections AC1 (images A-B), AC4 (images C-D), AC5.2 (images E-F), AC8 (images G-H)
constitutive of group 2. See S1 Figs 6-8 in S1 File Figs to visualize the location of the analyzed areas (framed by red
squares).

https://doi.org/10.1371/journal.pone.0271276.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 18/36


https://doi.org/10.1371/journal.pone.0271276.g008
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE Characterizing paint technologies and recipes in Levantine and Schematic rock art

Al

AG1-1pintEsq | 1opm
MAG: 3000x RV 15KV WO 75mm |

HMMD7.7 x1.8k 50 um

9-1sup
| MAG: 1000x_HV: 15kV_WD: 8,2mm

HM D82 x1.0k

Pat2_0 100 um

Fig 9. SEM backscattered images and their RGB composite images of the elemental distribution of Six,/Fexq/Alk,, of a
selected area of cross-sections AC1 (images A-B), AC3 (images C-D), AC6 (images E-F), AC9 (images G-H)
constitutive of group 3. See S1 Figs 6-8 in S1 File to visualize the location of the analyzed areas (framed by red squares).

https://doi.org/10.1371/journal.pone.0271276.9009

the investigated paint layers. If we focus on samples AClyottom and AC3pottoms collected from
the superimpositions of motifs 6, 7, and 9 and 5 and 6 respectively, they have in common
motif 6, the orange-like zoomorphic motifs. In both samples, the bottommost stratum laying
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Pat2_0 HM D7.6 x25k  30um

Fig 10. A, C) SEM backscattered images and its zoomed area (yellow square in A), and B, D) their RGB composite
images of the elemental distribution of Six,/Fexq/Alk,, of a selected area of cross-sections AC7 constitutive of group 4.
See S1 Fig 8 in S1 File-top image to visualize the location of the analyzed area (framed by red square).

https://doi.org/10.1371/journal.pone.0271276.9010

directly on the coated substrate shows similar features both at SEM-EDX and micro-Raman.
In addition, considering the OM pictures of sample AC3 (S1 Fig 10 in S1 File), an orangish
layer is recognized in the central part of the cross-section (area where both SEM-EDX and
Raman analyses were performed) suggesting that the motif underneath is the 6. The hue of the
motifs belonging to group 3 is red/orange.

Finally, Group 4 includes only the pictorial layer of sample AC7, collected from motif 4
(Fig 4). SEM-EDX analyses (Fig 10 and S1 Fig 15 in S1 File, Table 2 and S1 Table 2 in S1 File)
show that the paint is constituted by Fe-rich crystals displaying a well-defined acicular mor-
phology characterized by ca. 3 um in length and 100-300 nm in thickness (Fig 10A and 10C).
Such elongated shape of the hematite particles differs from all the others paint samples. The
weight percentage of iron (wt%) in this sample is about 14% (Table 2 and S1 Table 2 in S1
File). Microanalyses also display high amounts of Ca as well as sparse crystals composed by Si,
Kand Al (S1 Fig 15 in S1 File). Hematite peaks appear very intense and narrow in the Raman
spectra (Fig 7D). The main bands at 294 and 412 cm™' show equivalent high relative intensities
while the band at 222 cm™ appears quite weak compared to the other. This spectral behavior is
different to the Raman curves of the other samples. Whewellite is also detected within the
paint layer. The color of motif 4 is purple.

Regardless of the specificity of the four groups, other components are also randomly
detected in the investigated red layers. Focusing on micro-Raman investigations (S1 Tables 3
and 4 in S1 File), peaks at 200205, 260-264, 350355, 464, 1160 cm™" can be attributed to a.-
quartz (o.-SiO,), while the bands at ca. 260, 270, 445, 480 and 510 cm’! could be due to other
aluminosilicates minerals, like species belonging to feldspar group [60-62]. Likewise, weak
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bands located at 960, 998-1001, 1006-1007 and 1085-1088 cm ™ are sometimes identified.
They are assigned to the symmetric stretching mode of the tetrahedral phosphate anion
v1(PO,™") of apatite, Cas(PO,)5(F, Cl, OH), and symmetric stretching mode (v;) of the S-O
bond in the sulfates due to the presence of celestite (SrSO,) and gypsum (CaSO,4-2H,0), and
to the symmetric stretching (v;) mode of carbonate group (CO5™) of calcite (CaCO3), respec-
tively [63-67]. The identification of these compounds amply justifies the results of the
SEM-EDX mapping, in which S + Ca and S + Sr are highly correlated with each other along
the analyzed cross-sections as well as the identification of P rich layers. Furthermore, the pres-
ence of amorphous carbon in correspondence with some black spots in the interface between
the pictorial layer and the underlying calcium oxalate coating in samples AC3pottom> AC6 and
ACS8, is confirmed by Raman. The typical D1 and G bands of amorphous carbon at 1319 and
1590 cm™ are detected, even they appear very weak and broadened. This presence can be
referred to as biological origin [25,68]. Apart from the pictorial layers, signals of calcite
(CaCO;) with its typical bands located at 1084, 711, 278, and 154 cm™, that are given to the
symmetric stretching (v;), symmetric stretching deformation/bending (v,), and external vibra-
tions of carbonate group (CO;7) [66] have been identified on the substrate, as expected by its
XRD analysis, while a very intense fluorescent signal interfered when the external coatings (as
previously mentioned as iv) have been analyzed. This is a recurrent problem when analyzing
these kind of samples by micro-Raman spectroscopy [69,70].

Finally, FTIR analyses in reflectance configuration were used to identify the presence of
binders (see Fig 11).

K-index

| ! ///I/ ! |
3000 2000 1500
Wavenumber (cm )

Fig 11. Representative FTIR spectra (kk transformed) extracted from the pictorial layers of each investigated
areas of the examined cross-sections. Legend: r = resin; ox = calcium oxalates; carb = calcium carboxylates;
sil = silicate; the asterisk * refers to the signals of a free fatty acid species [58].

https://doi.org/10.1371/journal.pone.0271276.9011
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However, we faced difficulties in recognizing any specific signals related to any residual
binders. In fact, besides the identification of the CH stretching at ca. 2900-2800 cm ™, that
could be related to any lipidic material [71], several signals have hindered the possibility to
detect any peculiar peaks characteristics of a remaining binding media such as lipid-based
medium or proteinaceous binders [72,73], most likely binders used by prehistoric painters
[11,12]. First, the residual resin signals at 1730 cm™* and 1500-1410 cm . Its presence and pen-
etration in the sample is related to the embedding procedures. This problem is accentuated
when porous samples, such as this, are managed [74]. Second, the strong antisymmetric
stretching mode of calcium-oxalates at ca. 1640 cm’! (v,(CO)) identified in all the pictorial lay-
ers [38]. And third, the wide asymmetric stretching of carbonate band (v;) centered at ca. 1440
cm™ [71].

Moreover, bands attributed to silicate are also detected in the pictorial layers of cross-sec-
tion AC1, AC2.1, AC5.1, AC7 and AC9. However, in microsamples AC1, AC2.2, AC5.1,
AC5.2 and AC8 two additional narrow peaks at ca. 1580 and 1540 cm ™" are also detected in the
pictorial layers (such signals also occurred randomly in layer ii and iv of those cross-sections).
Considering both the shape and the position of these bands, these signals could be attributed
to the presence of calcium monocarboxylic fatty acid salts [75]. In fact, the strong doublet at
1580 and 1540 cm™" corresponds to the asymmetric stretching bands of the COO~ moiety.
Metal carboxylates are widespread alteration products commonly related to pictorial art that
are due to the degradation of certain pictorial binders (such as siccative oils, proteinaceous
materials, natural resins, etc.) and their interactions with metallic ions present in the pictorial
layer/substrate. Their formation and identification are well documented when analyzing easel
paintings [76], but, based on our knowledge, it would be the first time they are identified in
rock art. Considering that carboxylate signals were not identified on substrate samples AC10
(S1 Fig 4B in S1 File) and AC 11 (S1 Fig 5B in S1 File), their identification in the paint micro-
samples could be related to the degradation of a binder. Similarly, when the presence of oxa-
lates is detected in the pictorial layer it could be also related to the degradation of binders, as
further considered in the discussion section. However, this hypothesis about the presence of
Ca-carboxylates must be further investigated to avoid misinterpreting the results. It is not to
exclude that metal carboxylates could have been also formed by other modern contaminants,
such as:

o any undocumented past treatment of the painted motifs (for example, twenty years ago at
Val del Charco del Agua Amarga site (Alcafiiz, Teruel) the use of paraffin wax as a procedure
to enhance motifs visualization was reported) [77]. Whether or not the use of this or similar
materials became widespread beyond this site is not known, even though it is not reported in
the scientific literature;

« any possible interaction between the embedding resin used in the analysis, a polymethyl
methacrylate-based medium, and the metallic calcium ions present in the layers [78];

« the interaction with the lipid components of the human epidermis (e.g., accidental contact
of the microsamples/cross-sections with the fingers).

Finally, beyond the paint layers, the FTIR analyses showed also signals of calcium-oxalates,
whewellite like, are the main constituents of the external (iv) and second layer (ii) of the cross-
sections, referred to as iv and ii respectively at the beginning of the results section. They show
bands at 1640, 1320, and 785 cm" that are assigned to the CO antisymmetric and symmetric
stretching mode of the oxalate anion, v,(CO) and v4(CO), and the bending mode §(OCO) of
whewellite, respectively [38]. Moreover, the asymmetric stretching (vs) of carbonate group
(CO;2) as broad band centered at 1440 cm ! is also visible in layer i and ii, together with the
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bands at 880 cm™ and 715 cm’, due to the out-of-plane bending (v,) and to in plane-bending
(vy4) characteristic of calcite [66].

Discussion

The analyses performed in the Levantine and Schematic paintings of el Carche rock art site,
both in situ and in micro-samples, offer new insight into the materials, the potential and chal-
lenges of microstratigraphic analysis (including superimpositions and crusts), and the pecu-
liarities of the different styles documented in panel.

Of particular interest is the identification of four different paint compositions:

« Paint from group 1, identified in samples AC2.1, AC2.2, AC3,,p, and AC5.1, consists of
hematite with submicrometric size charged with dolomite, and sporadic presence of
aluminosilicates.

+ The second group (samples ACl,,, AC4, AC5.2 and AC8) shows the use of submicrometric
hematite alone, with the occasional presence of aluminosilicates and impurities of Mn.

o The third (samples AClpottom> AC3bottom>» AC6 and AC9) shows the use of submicrometric
hematite within clay matrix.

o The last group, with a single sample (AC7) exhibits elongated hematite occasionally charged
with aluminosilicate compounds.

Analysis of the superimpositions

The stratigraphic analysis of the polished cross-sections has partially contributed to sequence
the superimpositions, which was one of the main goals of this paper. Unfortunately, not all
samples collected in areas of overlapping motifs preserve the expected number of pictorial lay-
ers (e. g. samples AC1, AC2.1, AC2.2, AC5.1 and AC5.2). Sometimes, as in samples AC3, the
layers are only partially visible. In this case, the bottom layer is particularly thin and only visi-
ble in some parts of the cross-section (S1 Fig 10 in S1 File). This suggests that some of the rock
paintings were probably partially lost or damaged by the time new motifs were added. This is
interesting as it shows deterioration processes took place already in prehistoric times. If we
focus on samples AC1, AC2 and AC3, in theory related to overlapping motifs 6, 7 and 9 (AC1)
and motifs 5 and 6 (AC2 and AC3) respectively, all of them have motif 6 in common and they
preserve part of the rock in the stratigraphic cross-section. However, sample AC1 only pre-
serves two of the three paint layers expected; cross-sections AC2.1 and AC2.2 only preserves
one while AC3 preserves both. Thus, this later sample has become our benchmark within this
group. Our analytical results show that the orange-like zoomorphic motif 6 is the lower and
the purple human motif 5 lies on top of it. Chemical analyses have shown that the lower layers
of AC1 and AC3 (AClpottom and AC3perom) have similar compositions, and both have been
assigned to group 3. Furthermore, observing sample AC3 under the optical microscope a
lower layer of orangish color is distinguished, a hue that matches that of motif 6 (S1 Fig 10 in
S1 File). Therefore, we state that red/orange Levantine motif 6 is the lowest in both cross-sec-
tions, AC1 and AC3. Samples AC2.1 and AC2.2 are homogeneously composed of hematite+-
dolomite and they don’t show any interstratified layers. This composition is similar to that of
cross-section AC3 top layer (AC3,,p), and, from the analyses, they both belong to group 1.
Consequently, motif 5 lies on top of Fig 6 and thus, it is more recent.

In identifying whether AC1,,, layer belongs to Levantine horse 7 or purple deer 9, both a
visual assessment and the analytical results obtained must be considered. The stratum is com-
posed of small hematite particles in a dense calcium-based matrix caused by calcium oxalates,
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mainly composed of whewellite. This layer belongs to the recipes of group 2, consisting of pur-
ple motifs. Moreover, considering i) the presence of Mn shown both by in-situ XRF analyses
of motif 9 and the microanalyses of ACl,y, ii) the hue of both motifs, we could attribute the
top layer of sample AC1 to purple deer known as motif 9. Finally, considering the more red-
dish hue of the horse named motif 7, we assign it to group 3. Furthermore, it is interesting to
note that in both AC1 and AC3 samples the overlapped layers are adjacent to each other and
are not separated by any Ca-rich biogenic patina. While this absence could be related to the
time gap between the execution of the motifs (implying a short or no time gap), as already pro-
posed for other similarly superimposed paintings in Australia [79], the truth is that the exact
time interval between the painting events is unknown, since the development of a biogenic
layer strongly depends (also) on the microlocal conditions and geometry. Thus, the lack of a
patina doesn’t necessarily mean that there was no time gap between both interventions.

Regarding the overlap between motifs 10 (the Levantine deer) and 11 (the Schematic
anthropomorphic motif), corresponding to cross-sections AC4, AC5.1 and AC5.2, we still
have doubts about the order of the overlap [27]. None of the three cross-sections preserved a
complete microstratigraphy, and two of them are even missing the substrate. However, we
have identified at least two different compositions, belonging to two (motifs 10 and 11) or
even three motifs (considering the superimposition of dark lines of different colour on top of
motifs 10 and 11). Specifically, the paint layer of sample AC4 is composed of submicrometric
hematite. It displays both morphological and chemical similarities with the red stratum of
sample AC5.2 and, in fact, they both belong to group 2. Moreover, their pictorial layers are
divided into two levels interstratified by calcium oxalates strata, showing similar compositions.
On the contrary, sample AC5.1 is composed of hematite + dolomite (group 1) and in this case,
the red stratum is a single block that lays above the coated substrate. Its features highly resem-
ble those of samples AC2 and AC3,,,,, already assigned to Levantine motif 5. However, the
data obtained so far are not enough to clarify the sequence and clearly assign the results to any
specific motif. Thus, further research efforts would be needed to clarify the sequence (e.g.,
studying the microstratigraphy of other fragments not yet embedded belonging to sample
ACS; if necessary, planning additional sampling to each painted figure outside the overlapping
areas, etc.).

The complete summary of the results is included in Table 3 and Fig 12.

Materials, sources, recipes and colours

As mentioned at the beginning of the discussion section, the analysis performed show the
identification of four different paint mixtures with specific compositions (Table 3 and Fig 12).
From these results we can note: a richness in the choice of the orange/red/purple raw materials
used by prehistoric artists to depict their motifs in this rock shelter, as well as a lack of a direct
correlation between the different pictorial mixtures and the different prehistoric styles. In par-
ticular, while all the paintings in red/orange shades fit in the same group, those in darker red/
purple belong to different groups, showing more variability in the paint mixtures or technolo-
gies used for this specific hue (Fig 12). This suggests that artists could have been using the
same source to collect the red/orange raw materials, while different sources or different paint
recipes were used for the creation of the purple motifs. In some cases, such sources remained
unchanged over time (considering that both Levantine and Schematic motifs share at least two
groups of paint mixtures). Whether or not this indicates short-range supply sources would
have to be assessed in the future, through geological surveys. Similar results have been also
found by Mas et al. [25] when analyzing two different samples of Levantine and Schematic
paintings from Abrigo Grande de Minateda and Abrigo del Barranco de la Mortaja (Albacete).
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Table 3. Summary of the results achieved by SEM-EDX, micro-Raman and FTIR analyses of the paint layers constituting cross-sections AC1-AC9. Label:
SuperImp = superimpositions; LRA = Levantine Rock Art; SRA = Schematic Rock Art; cla = clay matrix; hem = hematite; dol = dolomite; whe = whewellite;

Mn = Manganese impurities; (Al-S) = aluminosilicates; the brackets refer to the low amount identified. The results between brackets are occasionally detected. In samples
marked with **, the order of superimpositions among motifs 10 and 11 and the composition of the corresponding single motifs have not been clarified.

Name Order of Motif N° | Style Pictorial layers Group Comments
SuperImp and Hue
AC1 Top/Middle | 9, purple | LRA | T/M: Hem (size < 1 um, Mn) 2 Only two pictorial layers are present
Bottom 6, orange | LRA | + Whe (AI-S) 3
B: Cla + Hem (size < 1 um)
+ Whe
AC2.1 Top 5,purple | LRA | Hem + Dol (size < 1 um) 1 Only one pictorial layer is present
- - - + Whe (AL-S) -
AC2.2 Top 5,purple | LRA | Hem + Dol (size < 1 pum) 1 Only one pictorial layer is present
- - - + Whe (AL-S) -
AC3 Top 5, purple | LRA | T: Hem (size < 1 um) + Dol 1 -
Bottom 6, orange | LRA | + Whe (Al-S) 3 -
B: Cla + Hem (size < 1 pm)
+ Whe
AC4 * * ** | Hem (size < 1 pm) + Whe 2 Two pictorial layers with similar composition. The sample doesn’t preserve part
(Al-S) of the substrate
AC5.1 * * ** | Hem (size < 1 pm) + Dol 1 Only one pictorial layer is present
+ Whe (AL-S)
ACs5.2 o * ** | Hem (size < 1 um) + Whe 2 Two pictorial layers with similar composition. The sample doesn’t preserve part
(AL-S) of the substrate
AC6 - 13,red | LRA | Cla + Hem (size < 1 um) 3 -
+ Whe
AC7 - 4, purple | LRA | Acicular Hem + Whe (Al-S) 4 -
AC8 - 2, purple | LRA | Hem (size < 1 pm, Mn) 2 Two layers with similar composition are present, even if the sample belongs to a
+ Whe (AL-S) single figure. The sample is unprovided of the substrate
ACY - 3, purple/ | SRA | Cla + Hem (size < 1 um) 3 -
red + Whe

https://doi.org/10.1371/journal.pone.0271276.t003

In that publication researchers detected comparable compositions in the two micro fragments,

concluding the similarity in the composition of the paint samples between these two distinct

traditions.

Unlike that study, the results of our analysis show that both Levantine and Schematic artists
used several colours, raw material sources or paint recipes and paint technologies. Levantine
paintings fall into the four groups identified, while Schematic art falls into two groups. This
variety in the composition of paints, along with the diversity of styles recorded at this site, sug-
gest a recurrent and extended use of the site though several phases, and therefore that this

place remained culturally significant over time.

To our surprise, this variety of recipes is documented even among motifs that, based on the
apparent visual similarities of the colour hues, we had considered synchronous [28]. This is
the case of the best-known scene of the site, interpreted as capturing the final stage of a deer

hunt. The animal (motif 2) is wounded by several spears and is either bleeding or vomiting (as
suggested by a series of dots surrounding it), while the hunter (motif 4) turns the back on the
prey, raising one of the arrows as a sign of success. Now, our paint analysis suggests that both
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Group 1_Purple Group 2_Red/Purple

et

Group 4_Purple Group 3_Orange/Red

Fig 12. Motifs corresponding to each group. L and S refer to Levantine and Schematic styles, respectively.

https://doi.org/10.1371/journal.pone.0271276.9012

figures were made with different pigments from different sources (Hem + Whe for motif 2
and Acicular Hem + Whe for motif 4), further complicating the interpretation of the scene
and opening new questions that we would not have considered without the analyses per-
formed. Whether the differences in paint composition suggest that these two motifs were pro-
duced by different artists or the same artists using different sources is difficult to tell. But
considering the patterns of composition of other Levantine sites, the addition and integration
of old figures into new scenes adding linear motifs is common in the final stages of Levantine
art [80,81].

While hematite is the main component in all the recipes identified, morphological and
spectral differences suggest the use of different sources or perhaps different paint mixtures and
maybe different processing techniques. In most of the paint groups, submicrometer hematite
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has been identified, presenting fine granular size less than 1 um. Similar finely ground hema-
tite was already found at Hoz de Vicente and Sierra de las Cuerdas paintings (Cuenca) [16,17].
The authors suggested that such tiny size of the hematite was an indication of the technological
level of raw material processing achieved by prehistoric artists, related to powdering. Could
these similarities between two distant territories reflect some sort of cultural relationship
including not only sharing themes and images but also technologies of pigment processing?
Submicrometric hematite can be available in nature [82,83] or result from anthropic manipu-
lation (either grinding or firing) [49,50,84]). The characteristics of the materials identified in
group 3 (low Fe % amount in clay matrix) are more likely related to a natural red ochre
[2,11,41,59] which was probably only grinded. On the contrary, the high amount of pseudo-
rounded submicrometric hematite identified in paint mixtures 1, 2 and the elongated shape
detected in group 4 open the question of whether it could have resulted from firing any ferru-
ginous raw materials. Thus, to determine whether Levantine artists were skilled grinders, or
they even knew how to master the fire further geological surveys and analytical investigations
following specific protocols are needed [50].

If we focus on group 1, characterized by the fine size of the hematite with dolomite, it is the
first time that such composition has been found in Levantine art paints [11]. As already men-
tioned, it will be necessary to investigate in the future, through a systematic geological survey,
whether any natural deposits rich in hematite and dolomite exist in the area surrounding the
site, or whether the carbonate compound was intentionally added by the artists to create a par-
ticular paint recipe. The later practice was observed with the upper paleolithic red ochre from
Lovas, Hungary, where anthropogenic processing of the natural pigment, called "core-shell"
procession, has been suggested by Sajo et al. [85].

Regarding the colours, even though we have identified 4 paint recipes, they show two main
colour hues at a macroscopic level. Motifs belonging to groups 1, 2 and 4 all show a purple
color while those belonging to group 3 display a red hue, even though hematite is the main
component in all of them. It is known that the color of hematite, thus its optical properties,
depends on several factors: along with compositional aspects, as the presence of impurities
and/or additional compounds (e.g., the presence of dolomite and clay matrix in groups 1 and
3 respectively), it also depends on hematite crystal morphology and size [86-88]. The hematite
hue ranges from yellowish red for nanoparticles, to purple for micrometer-sized samples and
even black for large opaque crystals. [87]. Such colors are due to the scattering and absorption
of light in the blue-green part of the visible spectrum: when absorption exceeds scattering over
the entire visible range, hence the Fe oxides appear darker [86,87]. Moreover, aggregation of
individual small particles can affect the color as it does crystals size increase. This means that
small hematite particles in aggregate behaves optically as large (purple) hematite particles
[86,88,89]. All these evidences could explain why even though all 4 groups show submicro-
metric hematite, painting in group 3 look different (orange/red instead of purple) as the total
amount of iron oxide in paintings belonging to this group is lower. Thus, with similar particle
size, the higher the concentration of hematite, the darker the paintings appear.

Interpreting calcium oxalates

Another interesting topic to discuss is the potential origin, nature and role of the calcium oxa-
lates detected along the microstratigraphy of the samples (sandwiching or within the paint lay-
ers). The pictorial layer in all the investigated cross-sections is sandwiched between two
compact strata of biogenic calcium-based material, whose molecular spectroscopic analyses
showed the presence of calcium oxalates, always in the form of whewellite, and occasionally
together with weddellite (S1 Tables 3 and 4 in S1 File). The presence of these compounds in
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rock art paintings is very common, and due to their stability and high insolubility in water,
they can be considered an effective protective layer for the motifs [11,90].

Regarding their origin, in the open-air rock art context, where microorganisms like bacte-
ria, lichens, fungi, etc. are currently living on the rock surface and are an integral part of it,
these formations can be attributed to a biological origin (as confirmed also by the analyses of
the external layers of samples AC10 and AC11). However, when the signal of oxalates is
directly identified within the paint layers, as observed in the present study in which signals of
whewellite have been also detected in the red pictorial layers of all the samples, it is important
to consider the possibility that they can also result from the degradation of any organic binder
used by the artists to prepare the paints, as the consequence of the oxidative processes of the
organic material applied [46,91]. Oxalate salts have been frequently found within multiple
paint layers in micro samples coming from easel paintings [91-93]. As a consequence, con-
cerning the painting layers, both biological and chemical origins (from degradation of a
binder) could contribute jointly to the calcium-oxalate formations within the red strata.
Indeed, from this point of view, they can be considered as potential markers of the presence of
an organic binder, now degraded, used for the creation of the art. The use of binders results
reasonable and probable also if we consider the highly compactness and homogeneity of the
pictorial layer in which the iron oxide is spread. Additionally, ethnoarchaeological research
demonstrated the crucial role of binders in the long-term conservation of the rock art in the
open air: paintings produced without them disappeared in a few years/decades from their
exposure [94]. Moreover, the identification in most of the painting layers of calcium-based
metal soaps can valerate the hypothesis that oxalates identified within the red paints layers can
be considered as degradation products of the binder used by prehistoric artists. Likewise, oxa-
lates, metal carboxylates are degradation compounds commonly found in paintings, that are
the results of the interaction between binding organic media (such as siccative oils, proteina-
ceous binders, natural resins) and a metal cation, as in this case would be Ca from the rock
[76]. Specifically, in both drying oils and proteinaceous binder like egg tempera, the metal
soaps derive from the reaction between the free fatty acids in the medium (due to the hydroly-
sis of the triglycerides and from the egg yolk respectively) and the cations in the pigments
[95,96]. Both binders can produce free fatty acids. In the case of natural resins like mastic, colo-
phony, etc., the metal carboxylates arise by the reaction between the terpenic acids and the cat-
ions in the pigments [97,98]. Thus, if Levantine and Schematic prehistoric artists used any
binder at el Carche, it would derive from one of these three classes of substances. Therefore,
the formation of such degradation products (metal carboxylates) frequently affects paintings
and represents a real issue from the conservation point of view [99]. Indeed, they can physi-
cally and mechanically damage the paint layer creating several kinds of problems in the stratig-
raphy, such as protrusions, delamination, cracks, etc. that can also lead to the detaching of the
pictorial layer [75,99-101 to name few]. Besides factors like the specific paint composition and
its stratigraphy, environmental conditions such as temperature, high level of relative humidity
and introduction of water, highly contribute to their formation in the paint layer [76]. These
are parameters to which rock paintings are constantly exposed and they cannot be controlled.
The presence of such calcium-based metal soaps could be one of the reasons behind the pres-
ence of two different red layers in sample AC8 (despite belonging to a single motif 2), which
show a similar composition. Another possible interpretation of the presence of two distinct
pictorial layers belonging to a single motif, where no overlapping occurred, could be that the
motif was repainted after a period in which an oxalate layer would have formed between the
red strata. This observation would indicate a sequence of painting events starting with the
depiction of the motif, that would eventually be repainted. However, based on our analyses,
both the chemical composition, the texture, and appearance of the two red layers of sample
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ACS8 are very similar if not identical. Therefore, it would seem more reasonable to think that
something occurred to the paint layer that has induced a division, e.g., the breaking of the pic-
torial layer induced by the mechanical stress imparted by the formation of metal soaps, sulfates
salts, etc. The presence of any cracks and fissures in the paint layers could had facilitated the
inclusion of water from the surface that have triggered, as well, the formation of the interstrati-
fied Calcium-oxalate layers and sulfates strata. In this sample, calcium and/or strontium sulfate
strata are highly spread also within the paint layer, and they often occur parallelly among the
two divided red levels (Fig 8H, magenta), forming physical patterns and fissures like channels
[16].

More complex is the evaluation of the interstratified strata observed in samples AC4 and
AC5.2. Considering that we have been unable to establish the order of overlap between motifs
10 and 11 (or even to clarify the presence of an additional third motif or repaint), we still can-
not discard any of the potential formation patterns explained above to interpret their presence.
Thus, also in this case, further studies of the samples are required.

Beyond these specific samples, the microstratigraphic analyses showed that paints were
applied on existing biogenic patinas developed on the rock surface and that, once painted, new
patinas of biological origin continued to grow over the painted surfaces. This is why the paint
layers appear between levels of Ca-rich materials (namely, oxalate, carbonate, sulphate and
some phosphate). Today, paints coated by these patinas are protected against decay due to
atmospheric agents like run-off water, moisture, air borne, etc. It is very likely that these very
ancient paints have survived to the present also thanks to these natural protection [90,102].

Conclusions

Our recent multi-technical and multi-step analysis of the prehistoric paintings of el
Carche rock shelter have yielded interesting new data on the variety of sources, paint com-
positions, transformation technologies, sequence of events (painting and non-painting
phases, as well as potential repainting events) and on some deterioration and conservation
issues related to Levantine and Schematic rock art. Thanks to these analyses, we have been
able to reflect on and draw conclusions of interest both for studies of Levantine and Sche-
matic art in the Iberian Peninsula and for prehistoric rock art more globally, and espe-
cially for open-air rock art.

The analyses show that Levantine art was produced using four different pigment composi-
tions, while Schematic art shows two types. Surprisingly, as already observed by Mas et al. [25],
at some stage Levantine artists used similar colour hues and pigment compositions to Sche-
matic artists. Such similarities could arise from the use of the same source of supply over time
or the use of similar processing technologies and raw materials. This second option could
involve some sort of cultural connections both among several Levantine phases (as pigments
in group 3 belong to Levantine motifs of different substyles and phases, that even overlap) and
between Levantine and Schematic artists. Hopefully, future geological surveys aimed at identi-
fying potential sources of supply will help us answering this question. Nevertheless, this paper
demonstrates that both Levantine and Schematic artists used a variety of raw material sources
or maybe paint recipes, thus challenging previous assumptions suggesting that the chemical
composition of Levantine and Schematic paintings was similar [25,103].

On the other hand, variability in paint composition among Levantine paintings suggests
that Levantine artists used also a variety of sources and/or processing techniques. This variety
of pigment sources or recipes, together with the stylistic variability and overlaps between
Levantine motifs, as well as between those and Schematic art suggests that this site remained
culturally significant over a certain period of time.
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The results have also opened new questions that were unthinkable before this analytical
approach. The open questions include whether the presence of Carboxylates and oxalate sig-
nals identified within the pictorial layers could be related to the degradation of binders, or
whether the reduced particle size of the paints of some paint groups is natural or it is an indica-
tor that Levantine artists were skilled grinders, or they even master the fire. These questions
are not yet resolved and will be further addressed in our future research.

The analyses performed have also shown a new step in the creation process that went unno-
ticed in our previous visual analyses of the motifs and scenes. The composition of the paints of
motifs 2 (deer) and 4 (hunter), interpreted as part of a hunting scene, does not match. This dif-
ference in pigment composition challenges our previous interpretation as simultaneous motifs
[28]. Whether the two layers identified in sample from deer 2 reflect a possible repaint, that
may or may not have been concurrent to the addition of the archer, or a conservation problem,
will have to be investigated in the future with further in situ and in lab analysis.

The results of the project also draw attention to the value of stratigraphic analyses, which
only rarely have been performed on Levantine rock art [11]. In this research, our stratigraphic
analyses have been useful not only to establish the sequence of painting events (most success-
fully in the superimpositions among motifs 5, 6, 7 and 9 than in that of motifs 10 and 11), but
also to reflect on the time elapsed between overlapped motifs. Regarding these latter, three
behaviors have been observed:

« no crust formation between two different and adjacent paint layers (AC1 and AC3), suggest-
ing perhaps a short or non-existent time lapse between them;

« in some apparent areas of overlap only a single layer of paint has been preserved (AC2 and
AC5.1), indicating that perhaps when a new motif was added, the paint of the lower motif
had already disappeared in that particular area.

o Ca-rich interstratified strata between different paint layers (AC4 and AC5.2), suggesting,
among other hypotheses, a certain time span between interventions.

Unfortunately, not knowing the rate of patina formation complicates drawing stronger con-
clusions. The unexpected behavior of our samples (3 layers were expected in ACI and two lay-
ers in AC2, AC4 and AC5, but they were not documented) illustrate well the challenges of
sampling and interpreting areas of overlap.

Surprisingly, in a sample collected from a single motif (AC8) an interstratified oxalate layer
was identified within the paint layer. In this case, considering that it is just one motif, and the
composition of the paint is exactly the same in both layers, we conclude that more than result-
ing from a certain time span between interventions (e.g., prehistoric repainting), the oxalate
layer is more likely the product of a degradation process. Further studies will be necessary to
understand the main factors triggering the separation. Whether the interstratified crust forma-
tions observed in samples AC4 and AC5.2 result from alterations of the painted layer or a time
span between painting events will be further explored in the future.

Moreover, the micro-stratigraphic analysis of the samples confirmed once more the protec-
tive role of the external patinas covering the paints [77]. This brings us back to the concern
and the debates about cleaning conservation interventions, given that it has been common
practice in these territories to reduce their thickness or even to remove them to improve visu-
alization. It therefore becomes urgent to develop appropriate protocols to protect the paintings
and their scientific values if this sort of interventions is going to continue in the future.

Finally, beyond the interest of the analytical results offered in this study, another important
contribution of this paper is to demonstrate the relevance of developing well-structured analyt-
ical protocols to maximize results while minimizing impact on this unique and irreplaceable
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heritage. Based on our experience, the ideal scenario would be to combine complementary
analytical techniques at different scales, linking elemental and molecular results with morpho-
logical evaluations. So far, our multi-step, multi-scale and multi-analytical approach has
proven effective, with a first stage of on-site non-invasive EDXRF analysis (useful to first
group the paints according to their constitutive elements), which has been valuable in guiding
a second phase of microsample extraction and analyses, using mainly non-destructive spectro-
scopic techniques [2]. Of the methods chosen, the use of FTIR showed more technical prob-
lems related to resin penetration.

In our opinion, such an analytical approach could be considered the ideal protocol to be
used globally as a guideline, as it meets the challenge of finding a balance between advancing
scientific knowledge and the need to preserve this heritage for future generations.

Supporting information

S1 File. Contains all the supporting figures and tables.
(PDF)

Acknowledgments

The various phases of this project were carried out by different members of this team in the
framework of several consecutive projects, as listed in the Funding Statement. EDXRF analysis
and sampling were conducted back in 2014, while new analyses of the samples have been com-
pleted as part of more recent projects. All these projects have been directed by I. Domingo.

Author Contributions
Conceptualization: Ines Domingo.

Data curation: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giraldez, Ines
Domingo.

Formal analysis: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giraldez, Ines
Domingo.

Funding acquisition: Ines Domingo.

Investigation: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giraldez, Ines
Domingo.

Methodology: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giraldez, Ines
Domingo.

Project administration: Ines Domingo.
Resources: Ines Domingo.
Visualization: Annalisa Chieli, Ines Domingo.

Writing - original draft: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giraldez,
Ines Domingo.

Writing - review & editing: Annalisa Chieli, Marius Vendrell, Clodoaldo Roldan, Pilar Giral-
dez, Ines Domingo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 31/36


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271276.s001
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE

Characterizing paint technologies and recipes in Levantine and Schematic rock art

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hernanz A, Gavira-Vallejo JM. Rock Art. In: Madariaga JM, editor. Analytical Strategies for Cultural
Heritage Materials and their Degradation. 2021; 201-226.

Domingo I and Chieli A. (2021) Characterizing the pigments and paints of prehistoric artists. Archaeol
Anthropol Sci. 2021; 13: 196. https://doi.org/10.1007/s12520-021-01397-y

Chalmin E, Huntley J. Characterizing Rock Art Pigments. In: David B, McNiven IJ, editors. The Oxford
handbook of the archaeology and anthropology of rock art, Oxford University Press. 2017. 1093/
oxfordhb/9780190607357.013.48.

Sepulveda M. Making visible the invisible. A microarchaeology approach and an Archaeology of Color
perspective for rock art paintings from the southern cone of South America. Quat Int. 2021; 572:5-23.
https://doi.org/10.1016/j.quaint.2020.05.031

Defrasne C, Chalmin E, Bellot-Gurlet L, Thirault E, André G. From archeological layers to schematic
rock art? Integrated study of the Neolithic pigments and pigmented rocks at the Rocher du Chateau
(Western Alps, Savoie, France). Archaeol Anthropol Sci. 2019; 11(11):6065-6091. https://doi.org/10.
1007/s12520-019-00882—-9

Pitarch A, Ruiz JF, Fdez-Ortiz de Vallejuelo S, Hernanz A, Maguregui M, Madariaga JM. 2014. In situ
Characterization by Raman and X-ray fluorescence spectroscopy of post-Palaeolithic blackish picto-
graphs exposed to the open air in Los Chaparros shelter (Albalate del Arzobispo, Teruel, Spain). Anal
Methods. 2014; 6: 6641-6650. https://doi.org/10.1039/C4AY 005398

Velliky EC, MacDonald BL, Porr M, Conard NJ. First largescale provenance study of pigments reveals
new complex behavioural patterns during the upper Palaeolithic of south-western Germany. Archaeo-
metry. 2020. https://doi.org/10.1111/arcm.12611

Tortosa JEA, Gallello G, Roldan C, Cavallo G, Pastor A, Murcia-Mascards S. Characterization and
sources of Paleolithic—-Mesolithic ochre from Coves de Santa Maira (Valencian Region, Spain).
Geoarchaeology. 2020; 1-20. https://doi.org/10.1002/gea.21821

Hernanz A, Gavira-Vallejo JM, Ruiz JF. 2007. Calcium oxalates and prehistoric paintings. The useful-
ness of these biomaterials. J Optoelectron Adv M. 2007; 9(3): 512-521.

Hernanz A, Ruiz-Lépez JF, Madariaga JM, Gavrilenko E, Maguregui M, Fdez-Ortiz de Vallejuelo S
et al. Spectroscopic characterization of crusts interstratified with prehistoric paintings preserved in
open-air rock shelters. J. Raman Spectrosc. 2014; 45: 1236—1243. https://doi.org/10.1002/jrs.4535

Domingo |, Vendrell M, Chieli A. A critical assessment of the potential and limitations of physicochemi-
cal analysis to advance knowledge on Levantine rock art. Quat Int. 2021; 572: 24—40. https://doi.org/
10.1016/j.quaint.2020.09.020

Santos da Rosa N. La tecnologia del arte rupestre levantino. Cuadernos de Arte Prehistérico. 2018; 7:
120-146.

Villaverde RM, Guillem P, Lépez E, Domingo I. What Do We Mean by Levantine Rock Art? In Garcia
JL, Collado H, Nash G, editors. The Levantine Question: Post-palaeolithic Rock Art in the Iberian Pen-
insula. Archaeolingua, Budapest. 2012; 81-115.

Ochoa B, Garcia-Diez M, Domingo I, Martins A. Dating Iberian prehistoric rock art: Methods, sampling,
data, limits and interpretations. Quat Int. 2021; 572:88—105. https://doi.org/10.1016/j.quaint.2020.08.
048

Hernanz A, Gavira-Vallejo JM, Ruiz JF. Introduction to Raman microscopy of prehistoric rock paintings
from the Sierra de las Cuerdas, Cuenca, Spain. J Raman Spectrosc. 2006; 37(19): 1054—1062.

Hernanz A, Gavira-Vallejo JM, Ruiz JF, Howell Edwards GM. A comprehensive micro-Raman spectro-
scopic study of prehistoric rock paintings from the Sierra de las Cuerdas, Cuenca, Spain. J Raman
Spectrosc. 2008; 39: 972—-984. https://doi.org/10.1002/jrs.1940

Hernanz A, Ruiz-Lépez JF, Gavira-Vallejo JM, Martin S, Gavrilenko E. 2010. Raman microscopy of
prehistoric rock paintings from the Hoz de Vicente, Minglanilla, Cuenca, Spain. J Raman Spectrosc.
2010; 41: 1394—-1399. https://doi.org/10.1002/jrs.2582

Roldan C, Murcia-Mascardn S, Ferrero J, Villaverde V, Martinez R, Guillem PMet al. 2007. Analisis in
situ de pigmentos de las pinturas levantinas de los abrigos VII, VIl y IX de la Saltadora mediante fluor-
escencia de Rayos-X. In: Domingo |, Lopez E, Villaverde V, Martinez R., editors. Los abrigos VII, VIII
y IX de les coves de la Saltadora. Monografias del Instituto de Arte Rupestre Il. Generalitat Valenci-
ana, Valéncia. 2007.

Roldan C, Murcia-Mascarén S, Ferrero J, Villaverde V, Lopez E., Domingo I., et al. Application of field
portable EDXRF spectrometry to analysis of pigments of Levantine rock art. X Ray Spectrom. 2010;
30: 243-250. https://doi.org/10.1002/xrs.1254

Roldan C, Villaverde V, Rédenas |, Lopez E, Domingo I, Murcia S et al. Andlisis de pigmentos parie-
tales de Arte Levantino de los abrigos del “Cingle de la Mola Remigia” (Barranco de la Gasulla, Castell

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 32/36


https://doi.org/10.1007/s12520-021-01397-y
https://doi.org/10.1016/j.quaint.2020.05.031
https://doi.org/10.1007/s12520-019%26%23x2013%3B00882%26%23x2013%3B9
https://doi.org/10.1007/s12520-019%26%23x2013%3B00882%26%23x2013%3B9
https://doi.org/10.1039/C4AY00539B
https://doi.org/10.1111/arcm.12611
https://doi.org/10.1002/gea.21821
https://doi.org/10.1002/jrs.4535
https://doi.org/10.1016/j.quaint.2020.09.020
https://doi.org/10.1016/j.quaint.2020.09.020
https://doi.org/10.1016/j.quaint.2020.08.048
https://doi.org/10.1016/j.quaint.2020.08.048
https://doi.org/10.1002/jrs.1940
https://doi.org/10.1002/jrs.2582
https://doi.org/10.1002/xrs.1254
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE

Characterizing paint technologies and recipes in Levantine and Schematic rock art

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

‘on), in: X Congreso Ibérico de Arqueometria, Subdireccion de Conservacion, Restauracion e Investi-
gacion IVC+R de CulturArts Generalitat. Valéncia. 2014; 181-192.

Roldan C. Contribucion de los andlisis fisico-quimicos a la caracterizacion y conservacion del arte
rupestre en entornos abiertos. In: jornadas Técnicas para la Gestion del Arte Rupestre, Patrimonio
Mundial. Parque Cultural del Rio Vero (28 a 31 de mayo de 2012), Comarca de Somontano de Bar-
bastro. Hues. 2013; 129-135.

Alloza R. Caracterizacion del soporte rocoso del arte rupestre. Cuadernos de Arte Rupestre. 2013; 6:
69-75.

Lopez E, Villaverde V, Roldan C, Murcia S, Badal E. An approximation to the study of black pigments
in Cova Remigia (Castellén, Spain). Technical and cultural assessments of the use of carbon-based
black pigments in Spanish Levantine Rock Art. J Archaeol Sci. 2014; 52: 535-545. https://doi.org/10.
1016/j.jas.2014.09.017

Lopez E, Roldan C, Badal E, Murcia S, Villaverde V. Identification of plant cells in black pigments of
prehistoric Spanish Levantine rock art by means of a multi-analytical approach. A new method for
social identity materialization using chaine opératoire. PLoS One. 2017; 12(2): e0172225. https://doi.
org/10.1371/journal.pone.0172225 PMID: 28207835

Mas M, Jorge A, Gavilan B, Solis M, Parra E, Perez P. Minateda rock shelters (Albacete) and post-
palaeolithic art of the Mediterranean Basin in Spain: pigments, surfaces and patinas. J Archaeol Sci.
2013; 40: 4635—-4647. hitps://doi.org/10.1016/}.jas.2013.07.019

Hernandez MS. Defining Neolithic art. Levantine, Macroschematic and Schematic art in the Mediterra-
nean Arc of the Iberian Peninsula, in Garcia JL, Collado H, Nash G, editors. The Levantine Question:
Post-Palaeolithic rock art in the Iberian Peninsula. Archaeolingua. Budapest. 2012; 145(15).

Domingo |, Carrién B, Blanco S, Lerma JL. Evaluating conventional and advanced visible image
enhancement solutions to produce digital tracings at el Carche rock art shelter. Digit Appl Archaeol
Cult Herit. 2015; 2(2):79-88. https://doi.org/10.1016/j.daach.2015.01.001

Domingo |, Rives B, Roman D, Rubio R. Imagenes en la piedra. Arte rupestre en el abrigo de las Mont-
eses y su entorno (Jalance). Jalance. 2013. Ministerio de Cultura/Ayuntamiento de Jalance.

Poveda JV. Historia del Valle de Ayora-Cofrentes. Des de la Prehistoria hasta la expulsion de los
moriscos (1609). Ayora, Mancomunidad del Valle de Ayora-Cofrentes. 2001.

Aparicio J. Noticia sobre una representacion hibrida en el abrigo Poveda (Jalance, Valencia). In:
VVAA Ponencias de los Seminarios de Arte Prehistérico desde 2003-2009. V, VI, VII, VIII, IX, X. Gan-
dia-Tirig. Real Academia de Cultura, Valencia. 2010; 9-16.

Villaverde V. La cronologia del arte Levantino. In Domingo |, Rubio R, Rives B, editors. Actas de las
Jornadas. Abrigo de Tortosilla. 100 aniversario de su descubrimiento. Ayuntamiento de Ayora-Diputa-
cion de Valencia. 2012; 39-45.

Villaverde R. M, Guillem P, Lépez E, Domingo I. What Do We Mean by Levantine Rock Art? In Garcia
J.L., Collado H., Nash G., editors. The Levantine Question: Post-palaeolithic Rock Art in the Iberian
Peninsula. Archaeolingua, Budapest. 2012; 81-115.

Fernandez F. Art traditions, cultural interactions and symbolic contexts during the Neolithic transition
in the Eastern Iberian Peninsula. In: Manen C, Perrin T, Guilaine J, editors. The Neolithic Transition in
the Mediterranean. Errance—AEP. 2014.

Bueno-Ramirez P, Balbin-Behrmann R. De cazadores a productores. Transiciones y tradiciones del
Neolitic a 'edat del Bronze en el Mediterrani Occidental. In: Estudis en Homenatge a Bernat Marti Oli-
ver. TV Saguntum. Valencia. 2016; 465—480.

Solé VA, Papillon E, Cotte M, Walter P, Susini J. A multiplatform code for the analysis of energy-dis-
persive X-ray fluorescence spectra. Spectrochim Acta B At Spectrosc. 2007; 62: 63-68.

de Faria DLA, Venancio Silva S, de Oliveira MT. 1997. Raman microspectroscopy of some iron oxides
and oxyhydroxides. J. Raman Spectrosc. 1997; 28: 873-878. https://doi.org/10.1111/j.1365-246X.
2009.04122.x

Prati S, Sciutto G, Bonacini I, Mazzeo R. New Frontiers in Application of FTIR Microscopy for Charac-
terization of Cultural Heritage Materials. Top Curr Chem (Z). 2016; 374:26. https://doi.org/10.1007/
s$41061-016-0025-3 PMID: 27573266

Monico L, Rosi F, Miliani C, Daveri A, Brunetti BG. Non-invasive identification of metal-oxalate com-
plexes on polychrome artwork surfaces by reflection mid-infrared spectroscopy. Spectrochim Acta A
Mol Biomol Spectrosc. 2013; 116: 270-280. https://doi.org/10.1016/j.saa.2013.06.084 PMID:
23954542

Adamo P, Violante P. Weathering of rocks and neogenesis of minerals associated with lichen activity.
Applied Clay Science. 2000; 16: 229-256.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 33/36


https://doi.org/10.1016/j.jas.2014.09.017
https://doi.org/10.1016/j.jas.2014.09.017
https://doi.org/10.1371/journal.pone.0172225
https://doi.org/10.1371/journal.pone.0172225
http://www.ncbi.nlm.nih.gov/pubmed/28207835
https://doi.org/10.1016/j.jas.2013.07.019
https://doi.org/10.1016/j.daach.2015.01.001
https://doi.org/10.1111/j.1365-246X.2009.04122.x
https://doi.org/10.1111/j.1365-246X.2009.04122.x
https://doi.org/10.1007/s41061-016-0025-3
https://doi.org/10.1007/s41061-016-0025-3
http://www.ncbi.nlm.nih.gov/pubmed/27573266
https://doi.org/10.1016/j.saa.2013.06.084
http://www.ncbi.nlm.nih.gov/pubmed/23954542
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE

Characterizing paint technologies and recipes in Levantine and Schematic rock art

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Roldan C, Villaverde V, Rodenas |, Mascards S. A Unique Collection of Palaeolithic Painted Portable
Art: Characterization of Red and Yellow Pigments from the Parpallé Cave (Spain). PLOS ONE. 2016.
https://doi.org/10.1371/journal.pone.0163565 PMID: 27732605

Popelka-Filcoff RS, Zipkin AM. The archaeometry of ochre sensu lato: A review. J Archaeol Sci. 2021;
137: 105530. https://doi.org/10.1016/}.jas.2021.105530

Dayet L, d’Errico F, Garcia Diez M, Zilhdo J. Critical evaluation of in situ analyses for the characterisa-
tion of red pigments in rock paintings: A case study from El Castillo, Spain. PLoS ONE. 2022; 17(1):
€0262143. https://doi.org/10.1371/journal.pone.0262143 PMID: 35073338

Hanesch M. Raman spectroscopy of iron oxides and (oxy)hydroxides at low laser power and possible
applications in environmental magnetic studies. Geophys J Int. 2009; 177: 941-948.

Bersani D, Lottici PP. Raman spectroscopy of minerals and mineral pigments in archaeometry. J.
Raman Spectrosc. 2016; 47: 499-530. https://doi.org/10.1002/jrs.4914

Jubb AM, Allen HC. Vibrational Spectroscopic Characterization of Hematite, Maghemite, and Magne-
tite Thin Films Produced by Vapor Deposition. ACS Appl Mater Interfaces. 2010; 2: 2804-2812.

Lofrumento C, Ricci M, Bachechi L, De Feo D, Castellucci EM. The first spectroscopic analysis of Ethi-
opian prehistoric rock painting. J Raman Spectrosc. 2012; 43(6): 809-816.

Zoppi A, Lofrumento C, Castellucci EM, Sciau Ph. Al-for-Fe substitution in hematite: the effect of low
Al concentrations in the Raman spectrum of Fe,O3. J Raman Spectrosc. 2008; 39: 40—46.

de Faria DLA, Lopes FN. Heated goethite and natural hematite: Can Raman spectroscopy be used to
differentiate them? Vib Spectrosc. 2007; 45: 117-121.

Gonzdlez G, Sagarzazu A, Villalba R. Study of the mechano-chemical transformation of goethite to
hematite by TEM and XRD. Mater. Res. Bull. 2000; 35: 2295-2308. https://doi.org/10.1016/S0025-
5408(00)00434-7

Pomiés MP, Menu M, Vignaud C. Red Palaeolithic pigments: natural hematite or heated goethite?
Archaeometry. 1999; 41: 275-285. https://doi.org/10.1111/j.1475-4754.1999.tb00983.x

Frost RL, Weier ML. Raman spectroscopy of natural oxalates at 298 and 77 K J. Raman Spectrosc.
2003; 34: 776-785. https://doi.org/10.1002/jrs.1052

Shippey TA. Vibrational studies of calcium oxalate monohydrate (whewellite) and an anhydrous phase
of calcium oxalate. J Mol Struct. 1980; 63(2): 157—166. https://doi.org/10.1016/0022-2860(80)80323-1

Jehlicka J, Edwards HGM. Raman spectroscopy as a tool for the non-destructive identification of
organic minerals in the geological record. Org Geochem. 2008; 39: 371-386.

Edwards HGM, Seaward MRD, Attwood SJ, Little SJ, de Oliveira LFC, Tretiach M. FT-Raman spec-
troscopy of lichens on dolomitic rocks: an assessment of metal oxalate formation. Analyst. 2003; 128:
1218-1221. https://doi.org/10.1039/b306991p PMID: 14667155

Sun J, Wu Z, Cheng H, Zhang Z, Frost RL, A Raman spectroscopic comparison of calcite and dolo-
mite. Spectrochim Acta A Mol Biomol Spectrosc. 2014; 117: 158-162. https://doi.org/10.1016/j.saa.
2013.08.014 PMID: 23988531

Edwards HGM, Jorge Villar SE, Jehlicka J, Munshi T. FT-Raman spectroscopic study of calcium-rich
and magnesium-rich carbonate minerals. Spectrochim Acta A Mol Biomol Spectrosc. 2005; 61: 2273—
2280. https://doi.org/10.1016/j.saa.2005.02.026 PMID: 16029849

Weiner S, Dove PM. An Overview of Biomineralization Processes and the Problem of the Vital Effect.
Rev Mineral Geochem. 2003; 54(1): 1-29. https://doi.org/10.2113/0540001

Otero V, Sanches D, Montagner C, Vilarigues M, Carlyle L, Lopes JA et al. Characterisation of metal
carboxylates by Raman and infrared spectroscopy in works of art. J. Raman Spectrosc. 2014; 45:
1197-1206.

KoSarova V, Hradil D, Némec |, Bezdi¢ka P, Kanicky V. Microanalysis of clay-based pigments in
painted artworks by the means of Raman Spectroscopy. J Raman Spectrosc. 2013; 44(11): 1570-
1577. https://doi.org/10.1002/jrs.4381

Kingma K, Hemley R. Raman spectroscopic study of microcrystalline silica. Am Min. 1994; 79: 269—
273.

Freeman JJ, Wang A, Kuebler KE, Jolliff BL, Haskin LYA. Characterization of natural feldspars by
raman spectroscopy for future planetary exploration. The Canadian Mineralogist. 2008; 46: 1477—
1500. https://doi.org/10.3749/canmin.46.6.1477

Wang A, Freeman JJ, Jolliff BL. Understanding the Raman spectral features of phyllosilicates. J.
Raman Spectrosc. 2015; 46: 829-845.

Antonakos A, Liarokapis E, Leventouri T. Micro-Raman and FTIR studies of synthetic and natural apa-
tites. Biomaterials. 2007; 28: 3043—-3054. https://doi.org/10.1016/j.biomaterials.2007.02.028 PMID:
17382382

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 34/36


https://doi.org/10.1371/journal.pone.0163565
http://www.ncbi.nlm.nih.gov/pubmed/27732605
https://doi.org/10.1016/j.jas.2021.105530
https://doi.org/10.1371/journal.pone.0262143
http://www.ncbi.nlm.nih.gov/pubmed/35073338
https://doi.org/10.1002/jrs.4914
https://doi.org/10.1016/S0025-5408%2800%2900434-7
https://doi.org/10.1016/S0025-5408%2800%2900434-7
https://doi.org/10.1111/j.1475-4754.1999.tb00983.x
https://doi.org/10.1002/jrs.1052
https://doi.org/10.1016/0022-2860%2880%2980323-1
https://doi.org/10.1039/b306991p
http://www.ncbi.nlm.nih.gov/pubmed/14667155
https://doi.org/10.1016/j.saa.2013.08.014
https://doi.org/10.1016/j.saa.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23988531
https://doi.org/10.1016/j.saa.2005.02.026
http://www.ncbi.nlm.nih.gov/pubmed/16029849
https://doi.org/10.2113/0540001
https://doi.org/10.1002/jrs.4381
https://doi.org/10.3749/canmin.46.6.1477
https://doi.org/10.1016/j.biomaterials.2007.02.028
http://www.ncbi.nlm.nih.gov/pubmed/17382382
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE

Characterizing paint technologies and recipes in Levantine and Schematic rock art

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Buzgar N, Buzatu A, Sanislav 1V, 2009 The Raman study on certain sulfates, An. Stiint. U. Al. I-Mat.
2009; 55: (1) 5-28.

Kloprogge JT, Ruan H, Duong LV, Frost RL. FT-IR and Raman microscopic study at 293 K and 77 K of
celestine, SrSO4, from the middle triassic limestone (Muschelkalk) in Winterswijk, The Netherlands.
Neth J Geosci. 2001; 80(2): 41-47.

Gunasekaran S, Anbalagan G, Pandi S. Raman and infrared spectra of carbonates of calcite structure.
J Raman Spectrosc. 2006; 37: 892—899. hitps://doi.org/10.1002/jrs.1518

Burgio L, Clark RJH. Library of FT-Raman spectra of pigments, minerals, pigment media and var-
nishes, and supplement to existing library of Raman spectra of pigments with visible excitation, Spec-
trochim Acta A Mol Biomol Spectrosc. 2001; 57: 1491-1521. https://doi.org/10.1016/s1386-1425(00)
00495-9 PMID: 11446703

Coccato A, Jehlick J, Moens L, Vandenabeele P. Raman spectroscopy for the investigation of carbon-
based black pigments. J. Raman Spectrosc. 2015; 46: 1003—1015. https://doi.org/10.1002/jrs.4715

Bersani D, Lottici PP and Montenero A. Micro-Raman Investigation of Iron Oxide Films and Powders
Produced by Sol-Gel Syntheses. J. Raman Spectrosc. 1999; 30: 355-360.

Hernanz A. Raman Spectroscopy of Prehistoric Pictorial Materials. In: Bueno-Ramirez P, Bahn, edi-
tors. Prehistoric Art as Prehistoric Culture. Archaeopress Archaeology, Oxford, 2015; 11-20.

Rosi F, Daveri A, C. Miliani C, G Verri, Benedetti P, Piqué F et al. Non-invasive identification of organic
materials in wall paintings by fiber optic reflectance infrared spectroscopy: a statistical multivariate
approach. Anal Bioanal Chem. 2009; 395: 2097—2106. https://doi.org/10.1007/s00216-009-3108-y
PMID: 19760190

Sotiropoulou S, Papliaka ZE, Vaccari L. Micro FTIR imaging for the investigation of deteriorated
organic binders in wall painting stratigraphies of different techniques and periods. Microchemical J.
2016; 124: 559-567.

Mazzeo R, Prati S, Quaranta M, Joseph E, Kendix E, Galeotti M. Attenuated total reflection micro
FTIR characterization of pigment-binder interaction in reconstructed paint films. Anal Bioanal Chem.
2008; 392: 65-76. https://doi.org/10.1007/s00216-008-2126-5 PMID: 18454281

Prati S, Joseph E, Sciutto G, Mazzeo R. New Advances in the Application of FTIR Microscopy and
Spectroscopy for the Characterization of Artistic Materials. Acc Chem Res. 2010; 43(6): 792—801.
https://doi.org/10.1021/ar900274f PMID: 20476733

Helwig K et al. The Formation of Calcium Fatty Acid Salts in Oil Paint: Two Case Studies. In: Casadio
F. et al., editors. Metal Soaps in Art. Cultural Heritage Science. Springer, Cham. 2019. https://doi.org/
10.1007/978-3-319-90617-1_17

Casadio F, Keune K, Noble P, van Loon A, Hendriks E, Centeno S, et al. Metal soaps in art. Cham:
Springer International Publishing; 2019.

Domingo |, Barreda-Usé G. Knowledge-building in Open-air Rock Art Conservation: Sharing the His-
tory and Experiences with Levantine Rock Art. Studies in Conservation. 2021. https://doi.org/10.1080/
00393630.2021.1996092

JuH, Feng X, Ye Y, Zhang L, Pan H, Campbell CT et al. Ca Carboxylate Formation at the Calcium/
Poly(methyl methacrylate) Interface. J Phys Chem C. 2012; 116: 20465-20471.

Chalmin E, Castets G, Delannoy JJ, David B, Barker B, Lamb L, et al. Geochemical analysis of the
painted panels at the “Genyornis” rock art site, Arnhem Land, Australia. Quat Int. 2017; 430: 60—-80.

Utrilla P. y Martinez Bea, M. (2007) La figura humana en el arte levantino aragonés. Cuadernos de
Arte Rupestre 4:163-205.

Domingo I. (2006) La figura humana, paradigma de continuidad y cambio en el Arte Rupestre Levan-
tino. Archivo de Prehistoria Levantina, XXVI: 161-191.

Cornell RM, Schwertmann U. The Iron Oxides: Structure, properties, Reactions, occurrences and
uses. 2nd, Completely Revised and Extended Edition. Wiley; 2003.

Claudio C, lorio E, Liu Q, Jiang Z, Barron V. Iron Oxide Nanoparticles in Soils: Environmental and
Agronomic Importance. Journal of Nanoscience and Nanotechnology. 2017; 17: 4449-4460.

Mastrotheodoros G, Beltsios KG, Zacharias N. ASSESSMENT OF THE PRODUCTION OF ANTIQ-
UITY PIGMENTS THROUGH EXPERIMENTAL TREATMENT OF OCHRES AND OTHER IRON
BASED PRECURSORS. Mediterranean Archaeology and Archaeometry. 2009; 10(1): 37-59.

Saj6 |E et al. Core-Shell Processing of Natural Pigment: Upper Palaeolithic Red Ochre from Lovas,
Hungary. PLoS ONE. 2015; 10(7): €0131762. https://doi.org/10.1371/journal.pone.0131762 PMID:
26147808

Torrent J, Barron V. The visible diffuse reflectance spectrum in relation to the color and crystal proper-
ties of hematite. Clays Clay Miner. 2003; 51(3): 309-317.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 35/36


https://doi.org/10.1002/jrs.1518
https://doi.org/10.1016/s1386-1425%2800%2900495-9
https://doi.org/10.1016/s1386-1425%2800%2900495-9
http://www.ncbi.nlm.nih.gov/pubmed/11446703
https://doi.org/10.1002/jrs.4715
https://doi.org/10.1007/s00216-009-3108-y
http://www.ncbi.nlm.nih.gov/pubmed/19760190
https://doi.org/10.1007/s00216-008-2126-5
http://www.ncbi.nlm.nih.gov/pubmed/18454281
https://doi.org/10.1021/ar900274f
http://www.ncbi.nlm.nih.gov/pubmed/20476733
https://doi.org/10.1007/978-3-319-90617-1_17
https://doi.org/10.1007/978-3-319-90617-1_17
https://doi.org/10.1080/00393630.2021.1996092
https://doi.org/10.1080/00393630.2021.1996092
https://doi.org/10.1371/journal.pone.0131762
http://www.ncbi.nlm.nih.gov/pubmed/26147808
https://doi.org/10.1371/journal.pone.0271276

PLOS ONE

Characterizing paint technologies and recipes in Levantine and Schematic rock art

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

Barron V, Torrent J. Iron, manganese and aluminium oxides and oxyhydroxides. EMU Notes in Miner-
alogy. 2013; 14: (9) 297-336.

Gerardin M, Holzschuch N, Ibanez A, Schmitt B, Martinetto P. Influence of micro-structural features on
the colour of nanocrystallised powders of hematite and visible-NIR reflectance spectra simulations.
Journal of the International Colour Association. 2021; 26: 41-48.

Torrent J, Schwertmann U. Influence of hematite on the color of red beds. J. Sediment. Petrol. 1987;
57(4): 682-686.
Green H, Gleadow A, Finch D, Myers C, McGovern J. Micro-stromatolitic laminations and the origins

of engraved, oxalate-rich accretions from Australian rock art shelters. Geoarchaeology. 2021. https://
doi.org/10.1002/gea.21882.

Rampazzi L. Calcium oxalate films on works of art: a review. J Cult Herit. 2019; 40: 195-214. https:/
doi.org/10.1016/j.culher.2019.03.002

Salvadé N, Buti S, Nicholson J, Emerich H, Labrador A, Pradell T. Identification of reaction compounds
in micrometric layers from gothic paintings using combined SR-XRD and SR-FTIR. Talanta. 2009; 79:
419-428. https://doi.org/10.1016/j.talanta.2009.04.005 PMID: 19559899

Cortea IM, Ratoiu L, Chelmus A, Muresan T. Unveiling the original layers and color palette of 18™ cen-
tury overpainted Transylvanian icons by combined X-ray radiography, hyperspectral imaging, and
spectroscopic spot analysis. X-Ray Spectrom. 2022; 51:26—42.

Domingo |, May SK, Smith C. Etnoarqueologia y arte rupestre en el siglo XXI: de la analogia directa a
la redefinicion del método arqueoldgico/Ethnoarchaeology and rock art in the 21st century: from direct
analogy to the redefinition of the archaeological method, in: Garate D. (Dir.), Redescubriendo el arte
parietal paleolitico. Ultimas novedades sobre los métodos y técnicas de investigacion. Kobie. 2018;
16: 163—-180.

Hermans JJ, Keune K, Van Loon A, ledema PD. Toward a Complete Molecular Model for the Forma-
tion of Metal Soaps in Qil Paints. In: Casadio F. et al., editors. Metal Soaps in Art. Cultural Heritage Sci-
ence. Springer, Cham. 2019. https://doi.org/10.1007/978-3-319-90617-1_3

Salvadd N, Buti S, Pradell T, Beltran V, Cinque G, Juanhuix J. Identification and Distribution of Metal
Soaps and Oxalates in Oil and Tempera Paint Layers in Fifteenth-Century Altarpieces Using Synchro-
tron Radiation Techniques. In: Casadio F et al., editors. Metal Soaps in Art. Cultural Heritage Science.
Springer, Cham. 2019. https://doi.org/10.1007/978-3-319-90617-1_11

Poli T, Piccirillo A, Nervo M, Chiantore O. Interactions of natural resins and pigments in works of art. J.
Colloid Interface Sci. 2017; 503: 1-9. https://doi.org/10.1016/j.jcis.2017.04.094 PMID: 28500934

Poli T, Piccirillo A, Nervo M, Chiantore O. Aging of Natural Resins in Presence of Pigments: Metal
Soap and Oxalate Formation. In: Casadio F. et al., editors. Metal Soaps in Art. Cultural Heritage Sci-
ence. Springer, Cham. 2019. https://doi.org/10.1007/978-3-319-90617-1_8

Noble P. A Brief History of Metal Soaps in Paintings from a Conservation Perspective. In: Casadio F.
et al., editors. Metal Soaps in Art. Cultural Heritage Science. Springer, Cham. 2019. https://doi.org/
10.1007/978-3-319-90617-1_1

Henderson EJ, Helwig K, Read S, Rosendahl SM. Infrared chemical mapping of degradation products
in cross-sections from paintings and painted objects. Herit Sci. 2019; 7:71.

Van Loon A. et al. Paint Delamination as a Result of Zinc Soap Formation in an Early Mondrian Paint-
ing. In: Casadio F. et al., editors. Metal Soaps in Art. Cultural Heritage Science. Springer, Cham.
2019. https://doi.org/10.1007/978-3-319-90617-1_21

Favero-Longo SE, Viles HA. A review of the nature, role and control of lithobionts on stone cultural her-
itage: weighing-up and managing biodeterioration and bioprotection. World J Microbiol Biotechnol.
2020; 36: 100. https://doi.org/10.1007/s11274-020-02878-3 PMID: 32607867

Montes Bernandez R, Cabrera Garrido J.M. Estudio estratigrafico y componentes pictéricos del arte
prehistérico de Murcia (Sureste de Espafia). Anales de Prehistoria y Arqueologia, 1991-1992; 7-8:
69-74.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271276  August 15, 2022 36/36


https://doi.org/10.1002/gea.21882
https://doi.org/10.1002/gea.21882
https://doi.org/10.1016/j.culher.2019.03.002
https://doi.org/10.1016/j.culher.2019.03.002
https://doi.org/10.1016/j.talanta.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19559899
https://doi.org/10.1007/978-3-319-90617-1%5F3
https://doi.org/10.1007/978-3-319-90617-1%5F11
https://doi.org/10.1016/j.jcis.2017.04.094
http://www.ncbi.nlm.nih.gov/pubmed/28500934
https://doi.org/10.1007/978-3-319-90617-1%5F8
https://doi.org/10.1007/978-3-319-90617-1%5F1
https://doi.org/10.1007/978-3-319-90617-1%5F1
https://doi.org/10.1007/978-3-319-90617-1%5F21
https://doi.org/10.1007/s11274-020-02878-3
http://www.ncbi.nlm.nih.gov/pubmed/32607867
https://doi.org/10.1371/journal.pone.0271276

