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ABSTRACT: 

Prehistoric rock art pictographs from fifty sites (caves, rock shelters and megalithic monuments) of America, Europe, Africa and Asia have 
been studied by micro-Raman spectroscopy, X-ray photoelectron spectroscopy and scanning electronic microscopy combined with energy 
dispersive X-ray spectroscopy. A report of the most significant results, as well as recent advances in this field, is presented in this work. These 
studies have made possible to characterise the composition of the materials present and their microstratigraphy. Accretions, biological acti-
vity, contaminations with modern materials and possible causes of deterioration have been determined. In several cases, radiocarbon dating 
of the pictographs has been achieved. 

RESUMEN: 

Se han estudiado mediante microespectroscopía Raman, espectroscopía fotoelectrónica de rayos X y microscopía electrónica de barrido 
combinada con espectroscopía de dispersión de energía de rayos X pinturas rupestres de cincuenta yacimientos (cuevas, abrigos rocosos y 
monumentos megalíticos) de América, Europa, África y Asia. En este trabajo se presenta un informe de los resultados más significativos, así 
como avances recientes en este campo. Estos estudios han permitido caracterizar la composición de los materiales presentes y su microes-
tratigrafía. Se han determinado acreciones, actividad biológica, contaminaciones con materiales modernos y posibles causas de deterioro. En 
varios casos, se ha logrado la datación por radiocarbono de las pictografías. 

1  Departamento de Ciencias y Técnicas Fisicoquímicas, Facultad de Ciencias, Universidad Nacional de Educación a Distancia (UNED).

Web http://www.bizkaia.eus/kobie 
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LABURPENA: 

Amerika, Europa, Afrika eta Asiako berrogeita hamar aztarnategitako (kobazulo, harpe eta monumentu megalitikoak) labar margoak 
aztertu dira Raman espektroskopia, X izpien espektroskopia fotoelektroniko eta X izpien dispertsioekin konbinaturiko ekorketa mikroskopia 
elektroniko bidez. Lan honetan emaitzarik esanguratsuenak aurkezten ditugu, arlo honetako azken aurrerapenekin batera. Ikerketa hauei 
esker, gaur egun presente dauden materialen konposizioa eta haien mikroestratigrafia bereiztea ahalbidetu da. Akrezioak, aktibitate biolo-
gikoa, material modernoek eragindako kutsadura eta hondatze-jatorri posibleak zehaztu dira. Zenbait kasutan, radiokarbono bidezko pikto-
gramen datazioa lortu da.
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spectroscopy (SEM/EDS), X-ray diffractometry (XRD), X-ray pho-
toelectron spectroscopy (XPS), Fourier transform infrared spectrosco-
py (FTIR), energy dispersive X-ray fluorescence spectroscopy (EDXRF) 
and others are currently used (Garate et al. 2004; Vázquez et al. 
2008; Bonneau et al. 2012; Hernanz 2015; Hernanz et al. 2012b, 
2013, 2014, 2016a and 2016b; Hunt et al. 2016; Tascon et al. 2016; 
Bersani et al. 2016). Some results obtained by our research group 
applying these techniques from 2006 to 2016 are reported in this 
work. Fifty archaeological sites located in different parts of the world, 
Figs. 1-6, with rock art paintings have been studied in this period. 

1. INTRODUCTION.

Chemical and mineralogical analyses of the pictorial materials 
used in prehistoric rock art have received an important impetus in the 
last decades. The application of microscopic and non-destructive 
physicochemical techniques, as well as the development of portable 
instruments that may be used in situ, avoiding the extraction of 
samples, are significant advantages to study these precious remains 
of our past. Techniques like micro-Raman spectroscopy (μ-RS), scan-
ning electronic microscopy combined with energy dispersive X-ray 

Figure 1.  Global distribution of the archaeological sites with rock art paintings studied by our research group.

Figure 2.  Location of the archaeological sites with rock art paintings studied 
by our research group in Spain.

Figure 3.  Location of megalithic monuments and stelae studied by our group 
in France (Hernanz et al. 2016b. Supplementary Material). Map: R. 
Barroso-Bermejo. 
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Depending on the site, these pictographs are considered to be 
done approximately between the Upper Palaeolithic (Tito Bustillo 
cave, Spain) and the first millennium BC (El Arco and Blanca de la 
Pulsera caves, Sonora, Mexico). They were depicted on the walls and 
ceiling of caves, open-air rock shelters, megalithic monuments, stelae 
and stones (Bueno Ramírez et al. 2012, 2015 and 2016), Table 1. 
Spectra from a large number of points of the painting panels may be 
obtained in situ with portable μ-RS, FTIR and EDX instruments to 
determine the components of the rock, accretions and paint, thereby 
avoiding numerous extractions of specimens (Tournié et al. 2011; 
Lahlil et al. 2012; Ravindran et al. 2013; Pitarch et al. 2014; Hernanz 
et al. 2006a, 2014 and 2016b; d’Errico et al. 2016). Nevertheless, in 
some cases, several micro-specimens from carefully selected points 
have been removed in order to be studied in the laboratory. The 
characterization of the paint components, possible contaminants, 
accretions and deterioration processes (Hernanz et al. 2006b, 2006c, 
2008a, 2010a, 2012a, 2014a, and 2016b; Tomasini 2012), as well 
as the possibilities of dating (Ruiz et al. 2006; Hernanz et al. 2007; 
Ruiz López et al. 2009; Ruiz-López et al. 2012) provides relevant 
information on the pictorial materials, used technique and preserva-
tion (Gavira-Vallejo et al. 2008; Hernanz et al. 2010b; Iriarte et al. 
2013) of the rock art. 

2. EXPERIMENTAL.

2.1. Optical microscopy.

Previous technological and traceological studies based on in 
situ optical microscopy have oriented the subsequent spectroscopic 
studies. This task was performed with two portable microscopes: a 
stereoscopic Nikon SMZ microscope with a Nikon Coolpix 5400 
digital camera attached using 5×, 7.5×, 10×, 15×, 20× and 25× 
magnifications and a Lumos X-Loupe G20-FA11-00 equipped with 
a digital camera Canon IXUS 120IS using 10× and 30× magnifica-
tions. Macro- and microphotography of the studied pictographs, 
substrata, accretions and alterations have been taken. The building 
process of every figure may be followed with this technique throu-
gh the study of the marks of the painting tool.

2.2. In situ μ-RS.

In situ μ-RS spectra of the painting panels have been obtained 
with a BWTEK innoRam 785H portable Raman microscope. An 
optical fibre cable connects the spectrometer to a handheld pre-fo-
cused probe head with 10× magnification, and alternatively to a 
microscope/video camera set with 20× objective lens supported on 
an XYZ focusing system, Fig. 7. The laser line at 785nm has been 
used for Raman excitation with powers between 3 and 16mW 
measured at the focus position. An opaque foam rubber tube cove-
ring the probe head or the objective, a Càrol’s cap (Hernanz et al. 
2014), was mounted over the probe head or the objective to avoid 
sunlight or other external radiation entering in the spectrometer, 
Fig. 4. The spectral range from 65 to 2500 cm-1 (Stokes) was recor-
ded with a spectral resolution of ∼3.5 cm-1. Integration times of 1–3 
s and up to 36 spectral accumulations have been used to achieve 

Figure 4.  Location of the Taorengaole rock shelter (site 1) and Elesenhutele 
cave (site 2) in the Yabrai Mountain, Inner Mongolia Autonomous 
Region, China (Hernanz et al. 2016a). Maps: Jinlong Chang.

Figure 5.  Location of the Galb Budarga and Tuama Budarga rock shelters, 
Western Sahara. Map: Andoni Sáenz de Buruaga. 

Figure 6.  Location of the El Arco and Blanca de la Pulsera caves, Sonora, 
Mexico. (Rubio et al. 2014). Map: Juan Francisco Ruiz López.
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in the previous case macro- and microphotographs of the points 
analysed in situ were taken. 

2.4. Sampling.

In situ spectroscopic analyses have been done whenever pos-
sible. Nevertheless, in order to carry out microstratigraphic studies, 
radiocarbon dating and additional laboratory analyses highly selec-
ted micro-specimens of the materials present in the pictorial panels 
have been extracted. Extreme care and a specific protocol to avoid 
sample contamination have been used: micro-specimens were 
collected and handled wearing disposable latex gloves, hygienic 
masks and using sterile surgical blades. A new surgical blade was 
used for each specimen. They were removed, minimizing the effect 
on the pictographs and their surrounding area. The characteristics 
of the rock surface and the interest from the archaeological 
viewpoint were taken into account to establish the sampling point. 
Fissures or relief features made the sample extraction possible, 
minimizing the risks of damage to the paintings. The samples were 
stored in Eppendorf tubes, but those used for dating were wrapped 
in aluminium foils and put into hermetic plastic bags. Macro- and 

an acceptable signal-to-noise (S/N) ratio. Wavenumber shift cali-
bration of the spectrometer was accomplished with Hg-I lines, 
4-acetamidophenol, naphthalene and sulfur standards (ASTM 
2016) over the range 150–1800 cm-1. This resulted in a wavenum-
ber mean deviation of Δνcal – Δνobs =0.01 ± 0.05 cm-1 (tStudent 
95%). The spectrometer is powered by a rechargeable Li battery 
14.4 V (1 kg). The total weight of the instrument is about 10 kg. 
Macro- and microphotographs of the points analysed in situ were 
taken.

2.3. In situ FTIR and EDXRF.

In situ infrared spectra of the materials present in the painting 
panels were acquired with a 4100 ExoScan handheld FTIR spectro-
meter (A2 Technologies, nowadays Agilent Technologies). Diffuse 
reflectance infrared Fourier transform (DRIFT) spectra were collec-
ted with this instrument. The in situ elemental analyses of these 
materials were carried out from the EDXRF spectra obtained with a 
handheld XMET5100 spectrometer from OXFORD Instruments. 
Further details and operational conditions of both instruments are 
described elsewhere (Hernanz et al. 2014; Pitarch et al. 2014). As 

Figure 7.  The portable Raman microscope BWTEK innoRam 785H in the Cueva de la Vieja (left) and Cueva del Queso (right), Alpera, Albacete, Spain (Hernanz et al. 
2014. Supplementary Material).
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bration with 4-acetamidophenol, naphthalene and sulfur standards 
(ASTM 2016) in the range 150–3100 cm-1 gave deviations 
between 0.01 and 2.01 cm-1. Halogen lamp spectra from a cold 
light source Euromex LE.5210 have been used for spectral back-
ground corrections (Hernanz et al. 2016b). The samples were 
analysed without any previous mechanical or chemical treatment. 
They were illuminated with confocal white light or oblique illumi-
nation from two optical fibre arms of a Zeiss Schott KL 200 cold 
light source. The latter system facilitates better observation of the 
relief of the sample than confocal illumination. The number of 
spectra collected depended on the heterogeneity of each sample. 
The external and internal sides of the flakes, as well as their edges, 
were investigated for micro-stratigraphic studies. At least 10 spec-
tra were obtained for each specimen, and in some cases up to 40 
spectra were collected. Microscopic images of the sample area 
observed prior to the spectral collection, with the position of focal 
point for each spectrum, were taken with a Raman video camera. 
The software package GRAMS/AI v.7.00 (Thermo Electron 
Corporation, Salem, NH, USA) has been used to correct the spectral 
background of fluorescence radiation, as well as to assist in deter-
mining the wavenumber of the peaks.

2.8. Laboratory SEM/EDS studies.

X-ray elemental microanalyses of the extracted specimens have 
been carried out using an EDS spectrometer Rontec Xflash Detector 
3001 with the Be window removed. The spectrometer was coupled 
to a Hitachi S-3000N scanning electron microscope (Everhart-
Thornley detector of secondary electrons) with an operating resolu-
tion of 3 nm (working distance 4 mm, voltage applied 30 kV and 
pressure 1.5×10-3 Pa).

2.9. Laboratory XPS.

X-ray photoelectron spectroscopy spectra have been recorded 
with an Omicron spectrometer equipped with an EA-125 hemis-
pherical electron multichannel analyser and unmonochromatised

X-ray sources of Al Ka (radiation energy of 1486.6 eV) and Mg 
Ka (radiation energy of 1253.6 eV) working at 150W and a pass 
energy of 20 eV. The specimens have been pressed into small 
pellets of ∼5–15 mm diameter. Nevertheless, the surfaces of some 
specimens of pictorial materials with appropriated size and solid 
consistency have been studied with no physical treatments prior to 
their analyses. The specimens were mounted on a sample holder 
and introduced into the chamber where they were degassed for 
6–8 h to achieve a dynamic vacuum below 10–8 Pa before the 
record of their XPS spectra. The resulting spectral data have been 
analysed using the CASA XPS software and RSF database for peak 
fitting and Shirley background correction. The binding energy has 
been referenced to the adventitious C 1s peak at 285 eV.

2.10. Laboratory XRD.

The XRD patterns of some specimens were recorded with a 
Rayflex XRD3100 equipment using CuKa X-rays (| = 1.54 Å) and a 
Ni filter. Steps of 0.010 were employed with a time of 2 s per step.

microphotographs of the sampled areas were taken before and 
after the extractions.

2.5. Microstratigraphic studies.

Very small flakes of the pigmented areas were embedded in 
polyester resin in order to prepare polished thin cross sections 
(thickness 20-30 μm). These thin sections were examined with a 
petrographic microscope Leica DM2500 using polarized light and 
significant microphotographs were taken. μ-RS microstratigraphic 
studies of these thin sections have been carried out in the lab. 
Raman images of the thin cross sections were obtained with a 
Renishaw inVia Raman spectrometer coupled to a Leica DMLM 
microscope. Further details about the system used to obtain Raman 
chemical images of the microstratigraphic distribution of the diffe-
rent components are given elsewhere (Hernanz et al. 2014).

2.6. Laboratory FTIR spectroscopy.

Previous studies of the rocks supporting the pictographs were 
carried out by infrared (IR) spectroscopy in the lab. Specimens of 
these rocks were ground and pressed into KBr pellets (1-2 mg of 
sample into 300 mg of desiccated KBr). IR spectra were obtained 
using a Bomem DA3 FTIR spectrophotometer working under a 
vacuum (pressure ≤ 133.3 Pa) to reduce IR absorption from atmos-
pheric water and carbon dioxide. The 4000 to 450 cm-1 spectral 
region was recorded with a Globar source, DTGS detector and a 
KBr beam splitter. A nominal resolution of 2 cm-1 was selected, the 
corresponding effective spectral resolution after Hamming’s apodi-
sation being 1.77 cm-1 and the corresponding digital resolution 
being 0.964 cm-1. To obtain a good S/N ratio, 1000 interferograms 
were coadded for each spectrum. These spectra give information on 
the components present in the sample, but not about their distri-
bution. Nevertheless, this initial information is very useful to iden-
tify the main components of the substrata, accretions, alterations 
and possible sources of the pigment used.

2.7. Laboratory μ-RS. 

The μ-RS studies of the extracted specimens have been carried 
out with a Jobin Yvon LabRam-IR HR-800 confocal Raman spectro-
graph with a Peltier refrigerated CCD (1024 × 256 pixels) detector 
and coupled to an Olympus BX41 microscope. The 632.8 nm line 
of a He/Ne laser has been used for Raman excitation with powers 
of ∼700 μW measured at the sample position. This low laser power 
avoids the “graphitisation” of organic materials. The average spec-
tral resolution in the Raman shift range of 100–1700 cm-1 was 
1cm-1 (focal length 800 mm, grating 1800 grooves/mm and confo-
cal pinhole 100 μm). These conditions involved a lateral resolving 
power of ∼1–2 μm (100× objective lens) and ∼5 μm (50× LWD 
objective lens) at the specimen. The depth of laser focus is 0.34 and 
1.10 μm for the 100× and 50× LWD objective lenses respectively. 
In order to achieve an acceptable S/N ratio, the integration time 
was between 2 and 30 s and up to 100 spectral accumulations 
have been done. A silicon wafer was used to check the zero order 
position of the grating, and the Ne lines at 585.25 and 837.76 nm 
to verify the linearity of the spectrograph. Wavenumber shift cali-
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accretions make difficult, even impossible, the in situ spectroscopic 
studies (Hernanz et al. 2013, 2014 and 2016b). Nevertheless, they 
may give rise to a propitious opportunity for dating the paintings 
as discussed below. A notable difference may be observed in the 
materials identified in rock paintings found in caves or dark cham-
bers of megalithic monuments (no light) and over the surfaces of 
open-air rock shelters or megaliths: the presence of different forms 
of hydrated calcium oxalate (whewellite and weddellite) in the 
latter case. These organic compounds are frequently found on the 
surface of rocks exposed to light as a result of the metabolic acti-
vity of microorganisms (lichens, fungi, algae, bacteria…etc.) living 
on the rock surface (Hernanz et al. 2007). These accretions resist 
weathering during thousands of years (Watchman et al. 2005). 
Consequently, dates of pictographs made with materials without 
carbon atoms can be established from radiocarbon dating of layers 
of whewellite and weddellite related with the paint layer (Rowe et 
al. 2003; Ruiz-López et al. 2006, 2009 and 2012). A similar 
method is being applied for uranium-thorium dating of pictographs 
covered with layers and speleothems of calcareous materials in 
karstic caves (Pike et al. 2012). Excellent comments on the topic 
have been published (Pons-Branchu et al. 2014; Sauvet et al. 
2015a and 2015b). Materials detected in the substratum and rock 
surface of representative painting panels studied by our research 
group are collected in Table 1.

3.2. Paint components.

The colour palette of prehistoric rock art paintings is very sim-
ple. Red and black with different tones are the most usual colours. 
The orange colour is used sometimes and the white colour is less 
frequent. Different tones are generated by additions and mixtures 
of pigments of the indicated colours. The size of the pigment 
micro-particles contributes also to modify its colour tone. An over-
view of the prehistoric rock painting materials identified by diffe-
rent authors has recently been published (Hernanz et al. 2015). 
Table 1 collects the results obtained by our group in representative 
archaeological sites. Paint components and other materials (rocky 
support, accretions… etc.) are included. With the exception of 
carbonaceous materials, natural organic pigments are photodegra-
dable and suffer visible deterioration with time. However, minerals 
like haematite are unalterable in normal conditions, and maintain 
its red colour, even under strong solar radiation, during thousand 
years. Haematite is the usual pigment in red pictographs. This mine-
ral has also been detected in some orange pictographs, but goethi-
te, α-FeO(OH), appears most frequently in paintings of this colour. 
Small amounts of other iron oxides and oxyhydroxides (wüstite, 
lepidocrocite… etc.) have also been detected as components of 
the red paint in some cases. The use of pictorial recipes to prepare 
the appropriated paint has occasionally been confirmed. 
Micro-particles of black pigments like charcoal and wüstite have 
been detected in red paints with haematite. These particles could 
have been added with the purpose to darken the red paint. 
Amorphous carbon (charcoal, soot, bone black, ivory black, lamp 
black or carbon black) is the most common pigment found in black 
pictographs. Nevertheless, we detected for the first time the use 
crystalline graphite to depict black hand stencils. μ–RS is an effi-
cient tool to distinguish between amorphous carbon and crystalline 

3. RESULTS AND DISCUSSION.

3.1. Rock surfaces.

As mentioned above, the studied pictographs are depicted on 
rock surfaces of different caves, open-air rock-shelters, megalithic 
monuments, stelae and stones. Therefore, a first step has always 
been to identify the materials present in the rocky substrata and 
possible accretions. In this way it is possible to distinguish them 
from the paint components. Most of the studied paintings are 
depicted over sandstone rocks and karstic areas, but we have also 
studied paintings on granitic rocks (Hernanz et al. 2006b, 2006c, 
2007, 2008a, 2010b, 2012b, 2013, 2014, 2016a and 2016b). 
∼-Quartz (∼-SiO2), microcline (KAlSi3O8), haematite (∼-Fe2O3), mus-
covite, anatase (TiO2) and rutile (other form of the titanium oxide 
TiO2) have been found in the red sandstone of the sites located in 
the Sierra de las Cuerdas (Cuenca, Spain). Calcite (CaCO3), dolo-
mite (CaMg(CO3)2), and aragonite (other form of calcium carbona-
te CaCO3) are characteristic components of the karstic rocks; 
additional minor components like clay minerals and quartz are also 
found in mudstone and calcareous loams. Usual components of the 
granitic substrata are α-quartz, feldspars like albite and microcline, 
and the mica phlogopite. Some particles of anatase, beryl and 
celadonite have also been detected in granitic rocks. Besides these 
typical components of the rocks supporting the paintings, accre-
tions and surface runoffs forming layers and crusts are frequently 
found on the rock surfaces. Calcite and dolomite micro-particles 
observed on granitic rock surfaces apart from the pictographs have 
been attributed to desert dust deposition in sites exposed to dust 
storms (Hernanz et al. 2016a). Gypsum (CaSO4.2H2O) and anhy-
drite (CaSO4) appear sometimes in the pores and on the surfaces 
of porous rocks like sandstone and limestone. The crystallisation of 
these forms of calcium sulphate in the external parts of porous 
rocks is the origin of deteriorative effects like flaking and spallation 
of materials observed in many painting panels (Hernanz et al. 
2006c, 2008a, 2010b, 2014 and 2016a). Protection against seepa-
ge of sulphated waters (humidity, rain…etc.) is highly recommen-
ded to conservators. Nitrates from bat guano have also been 
detected on some deteriorated painting panels of a cave (Hernanz 
et al. 2006b). The observed deterioration cannot be attributed to 
the oxidative effect of nitrates on the amorphous carbon used as 
pigment, but to bacteria present in bat guano. A similar biodeterio-
ration was observed on external wall frescoes from the 16th cen-
tury (Hernanz et al. 2008b). It is important to consider that many 
happenings could have left traces of substances over the rock sur-
face since the pictorial event (insects and other invertebrates 
moving over the painting panels, plants and animals leaving their 
metabolites on the pictographs, colonies of microorganisms, fungi, 
likens, soot from fires, anthropic activities… etc.). As a consequen-
ce, rock paintings are among the most difficult archaeological 
artifacts to date (Rowe 2009). Colonies of fungi living over the 
pictographs make sometimes impossible to obtain reliable in situ 
spectroscopic information about the paint components (Hernanz et 
al. 2016b). Many times, crusts and accretions are deposited on the 
pictographs (Hernanz et al. 2014). Calcareous layers and speleo-
thems cover occasionally rock paintings in karstic caves. These 
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Archaeological site Materials detected (1)

Los Murciélagos Cave (Zuheros, Córdoba, Spain) haematite, charcoal, calcite, nitrates

Rock shelters in the Sierra de las Cuerdas (Cuenca, Spain): Marmalo III, 
Marmalo IV, Peña del Escrito II and Selva Pascuala

haematite, amorphous iron oxyhydroxides, apatite-calcined bones (a-quartz, 
anatase, muscovite, illite, apatite), charcoal, ∼-quartz, whewellite, weddellite, 
carotenoids, gypsum, baryte, muscovite, calcite, microcline, anatase, rutile, 
lepidocrocite 

Rock shelter: Cueva del Tío Modesto (Cuenca, Spain) haematite, whewellite, weddellite, gypsum, ∼-quartz, clays, magnetite 

Rock shelter: Hoz de Vicente (Minglanilla, Cuenca, Spain) haematite, carbon, whewellite, weddellite, gypsum, clay

Tito Bustillo and El Buxu caves (Asturias, Spain)
haematite, wüstite, carbon, a-quartz, hydroxyapatite, calcite, anatase, clay, 
calcite 

Rock shelter: Remacha

(Villaseca, Segovia, Spain)

haematite, carbon, paracoquimbite. calcite, dolomite, gypsum, whewellite, 
weddellite, ∼-quartz

Rock shelters in the Eastern half of the Iberian Peninsula (Spain): Cova 
dels Rossegadors (La Pobla de Benifassà, Castellón), Cueva de la Vieja 
and Cueva del Queso (Alpera, Albacete), Abrigo de los Chaparros 
(Albalate del Arzobispo, Teruel), Abrigo Riquelme (Jumilla, Murcia)

haematite, carbon, calcite, dolomite, gypsum, whewellite, ∼-quartz, clay

Los Chaparros shelter (Albalate del Arzobispo, Teruel, Spain)
haematite, chalcophanite, manganese oxides/hydroxides, dolomite, anhydrite, 
gypsum, whewellite, calcite, weddellite

Barnenez tumulus (Plouezoc’h, Finistère, Brittany, France)
amorphous carbon (charcoal), manganese oxides/hydroxides (bixbyite, hauss-
manite, pyrocroite, todorokite, manganosite, cryptomelane), haematite, goethi-
te,calcite, albite, ∼-quartz, muscovite, tracing materials (2) 

Gallery of Goërem (Gâvres, Morbihan, France) amorphous carbon, ∼-quartz,albite, muscovite, anatase

Mont-Saint-Michel tumulus, dolmens 1, 2 and 3 (Carnac, Morbihan, 
France)

haematite, amorphous carbon, ∼-quartz, albite, muscovite, celadonite

Mané Rutual dolmen (Locmariaquer, Morbihan, France) haematite, ∼-quartz

Mané Kerioned B dolmen (Carnac, Morbihan, France) haematite, amorphous carbon, ∼-quartz, albite, muscovite

Bury stelae (collective grave from Saint-Claude, Bury, Oise, France) amorphous carbon, haematite, calcite, ∼-quartz, microcline, anatase

L´Hirondelle stelae (Bois de Fourgon, Avrillé, Vendée, France) haematite, goethite, amorphous carbon, dolomite, calcite

Rock shelter: El Arco cave, Sonora (Mexico)
haematite, anhydrite, gypsum, whewellite, weddellite, microcline, ∼-quartz, clay, 
dolomite, amorphous carbon, anatase 

Rock shelter: Blanca de la Pulsera cave, Sonora (Mexico)
amorphous carbon, haematite, ∼-quartz, aragonite, calcita, whewellite, wedde-
llite, dolomite, anhydrite, gypsum, anatase

El Reno cave (Guadalajara, Spain)
haematite, goethite, amorphous carbon, hydroxyapatite, calcite, aragonite, 
∼-quartz, anatase, 

Rock shelter: Galb Budarga (Western Sahara, Africa)
gypsum, anhydrite, gypsum, amorphous carbon, ∼-quartz, albite, dolomite, 
whewellite, gypsum, hydroxyapatite

Rock shelter: Tuama Budarga (Western Sahara, Africa)
gypsum, anhydrite, manganese oxides/hydroxides, hydroxyapatite, ∼-quartz, 
albite, whewellite, weddellite, gypsum, 

Rock shelter: Taorengaole (Yabrai Mountain, Inner Mongolia Autonomous 
Region, China)

haematite, ∼-quartz, albite, microcline, whewellite, gypsum, phlogopite, anata-
se, calcite, dolomite

Elesenhutele cave (Yabrai Mountain, Inner Mongolia Autonomous Region, 
China)

haematite, crystalline graphite, ∼-quartz, albite, microcline, whewellite, gypsum, 
phlogopite, anatase, calcite, dolomite

El Molín cave (Asturias, Spain) haematite, calcite, anhydrite, gypsum 

Pruneda cave (Asturias, Spain) haematite, amorphous carbon, calcite 

El Mirón cave (Cantabria, Spain) haematite, hydroxyapatite, calcite 

Viera dolmen (Antequera, Málaga, Spain) haematite, amorphous carbon, gypsum, calcite, ∼-quartz

Alberite dolmen (Villamartín, Cádiz, Spain) haematite, amorphous carbon, calcite, ∼-quartz

Soto dolmen (Trigueros, Huelva, Spain)
haematite, manganese oxides/hydroxides, amorphous carbon, calcite, anatase, 
gypsum, ∼-quartz, albite 

Mayor cave (Atapuerca, Burgos, Spain) haematite, goethite, amorphous carbón (charcoal), calcite, anatase

Arroyo de las Moreras stones (Parque Darwin, Madrid, Spain)
haematite, amorphous carbon (soot), calcite, ∼-quartz, microclina, anatase, 
ε-copper-phthalocyanine blue

Table 1.  Overview of paint components and other materials present in prehistoric rock paintings identified by our research group. 
(1)  Paint components in italics, other materials (rocky support, accretions… etc.) in normal fonts.
(2)  Polystyrene, ε-copper-phthalocyanine blue and a saturated organic compound.
The components are given in order of abundance.
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paint (Hernanz et al. 2008a). Organic binders, even though very 
interesting for radiocarbon dating of the paintings, have not been 
detected by our group. Precautions must be taken for this purpose. 
These binders are commonly lipids, carbohydrates or proteins, i.e. 
essential nutrient biomolecules. Hence, they may disappear by the 
activity along thousand years of microorganisms living on rock 
surfaces. On the other hand, many organisms (bacteria, fungi, 
algae, insects, spiders, bats, birds, wild fauna… etc.) and anthropic 
activities could have left organic materials on these surfaces, apart 
from the pictorial event. Thus, the attribution of organic material 
detected in prehistoric rock paintings to a binder must be conside-
red in detail and very carefully. Moreover, as stated before, many 
organic compounds are photodegradable. Only in special cases 
these binders have been preserved (Watchman et al. 1993; Mori et 
al. 2006; Villa et al. 2015). Advances in the detection of organic 
binders in rock paintings are expected (Fraser et al. 2011).

Contamination of prehistoric paintings with modern materials 
should be avoided. As mentioned above, a strict sampling protocol 
is followed by our group. Nevertheless, we detected micro-particles 
with polystyrene (a synthetic polymer), a saturated organic com-
pound and the synthetic pigment ε-copper-phthalocyanine blue in 
a pictograph from the chamber H of the Barnenez tumulus 
(Plouezoc’h, Finistère, Brittany, France), Table 1. Polystyrene and 
copper-phtalocyanine were first produced about 1931 and 1935, 
respectively. The chambers of this tumulus were discovered in the 
1950s. Direct tracings using transparent films and felt-tipped pens 
were made between 1968 and 1971. As a strict protocol to avoid 
contamination in the scission and handling of the specimens has 
been followed; the presence of these materials in the pictograph 
could be attributed to inappropriate tracing techniques over the 
painted surfaces (Hernanz et al. 2016b). Micro-particles of ε-co-
pper-phthalocyanine blue have also been detected recently in 
paintings over stones from the Epipalaeolithic site Arroyo de las 
Moreras (Parque Darwin, Madrid, Spain), Table 1. Contamination of 
the stones with this modern pigment could also be the origin of the 
detected compound. 

4.  CONCLUSIONS, CURRENT AND FUTURE 
PERSPECTIVES.

The combination of physicochemical data from μ-RS, SEM/EDS, 
XRD, XPS, FTIR, EDXRF and optical microscopy techniques is very 
efficient to identify the components of prehistoric rock paintings, 
their substrata, possible accretions, contamination and deteriora-
tion processes. Microstratigraphic studies of thin cross sections of 
micro-specimens from the painting panels reveal the microscopic 
distribution of the materials present. Possible superimpositions of 
pictographs, different paint layers, accretions and crusts may be 
identified by this method. Layers of calcium oxalates (whewellite 
and weddellite) related with the paint layers are very useful to 
establish limits to the period in which the pictographs were done. 
One relevant result of our studies on prehistoric rock art paintings 
from four continents is that the materials used by the prehistoric 
artists were basically the same although they belonged to cultures, 
prehistoric periods and geographical areas very distant. Haematite 
has been detected in all red paintings and amorphous carbon 

graphite (Hernanz et al. 2016a). In one case, the use of a previous 
charcoal sketch of the painting was discovered raising a small flake 
of white paint (Hernanz et al. 2008a). Manganese oxides/hydroxi-
des (bixbyite, haussmanite, pyrocroite, todorokite, manganosite, 
cryptomelane, chalcophanite… etc.) are also used as black pig-
ments. The identification of the specific manganese mineral used is 
usually difficult. No clear Raman signature is often obtained proba-
bly because of the low Raman activity of the manganese-based 
pigments, low crystallinity and high degree of chemical heteroge-
neity (different manganese compounds can be present simulta-
neously even at microscopic level). Manganese oxides/hydroxides 
may suffer thermal alterations even at low laser power values; 
manganese exists in several oxidation states and exhibits many 
hydro-oxides modifications, many of them being non-stoichiometric 
and disordered compounds. Furthermore, changes in the Raman 
spectra of manganese minerals have been related to their crystal 
size, and significant wavenumber variations of the Raman bands of 
cryptomelane, a manganese mineral used in rock art, have been 
related to variations in the composition of this mineral. 
Consequently, only tentative identifications are usually made.

Gypsum and anhydrite are the main components of the paint 
used to depict the white paintings observed in the Galb Budarga 
rock shelter of Western Sahara. These components have also been 
detected in the white pictographs of the El Arco and Blanca de la 
Pulsera caves (Rubio et al. 2014) of Sonora (Mexico). Nevertheless, 
some white pictographs of these caves, as well as those of the 
Cabras Blancas rock shelter (Tormón, Teruel, Spain) show signs of 
the presence white clay minerals. In fact, the analyses of white 
traces of a bicolor figure of Marmalo IV rock shelter (Villar del 
Humo, Teruel, Spain) reveals that the white paint was made by a 
mixture of α-quartz, illite, anatase and apatite (Hernanz et al. 
2008a). This last component, apatite (a group of phosphate mine-
rals like hydroxyapatite, fluorapatite and chlorapatite) is the major 
constituent of tooth enamel and bone mineral. Apatite has been 
detected in red, black and white paintings of different sites, Table 
1. When apatite is only present in the paint, its presence has been 
attributed to the inclusion of calcined bones in the pictorial recipe. 
This might be interpreted as a possible ritual of the prehistoric 
artists.

A curious paint component was discovered for the first time in 
a prehistoric painting: paracoquimbite, Fe2 (SO4)3.9H2O. This 
mineral gives a blue tone to the charcoal black part of a bicolor 
figure (Iriarte et al. 2013). Carotenoids have also been detected in 
some paint specimens, Table 1. These organic pigments usually 
come from biological organisms (bacteria, lichens, algae… etc.) 
living in the paintings. The identification of carotenoids could be a 
sign of possible biodeterioration of the paintings (Hernanz et al. 
2008a).

Clayish materials often emit strong fluorescence radiation 
when excited by laser lines, even at 1064 nm (Košařová et al. 
2013). This radiation masks the Raman photons from the sample, 
and in any case give rise to high levels of spectral background 
observed in the Raman spectra. This is the origin of the difficulties 
encountered to identify by Raman spectroscopy the pigments used 
in paintings containing clay sheet silicates (Hernanz et al. 2008a, 
2010b, 2012b, 2014; Košařová et al. 2013). Illite, a typical clay 
sheet silicate, has been detected as a mineral binder used in white 
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