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Palaeolithic paint palette used at La Garma cave 

(Cantabria, Spain) investigated by means of 

combined in situ and synchrotron X-ray analytical 

methods 

M. Gay,a M. Alfeld,b M. Menu,c E. Laval,c P. Arias,d R. Ontañónd and I. Reichea* 

La Garma cave is part of the most exceptional Palaeolithic sites discovered at the end of the 
20th century in the North of the Spain and was included by UNESCO in the World Heritage 
List in 2008. This cave contains more than 500 exceptional Palaeolithic graphical units, some 
of them linked to the Magdalenian floors. The La Garma cave was never opened to the public 
and thus provides a closed karst system with untouched archaeological surfaces, conferring to 
it an important position in the study of the Upper Palaeolithic in this region. A combined 
analytical strategy was chosen to enhance the understanding of the rock art distribution in this 
cave, looking for different decorative steps. SEM-EDX analysis carried out on fifty-six 
samples was complemented by µXRF and µXANES measurements at the Fe K-edge at the 
Deutsches Elektronen-Synchrotron DESY (Hamburg, Germany). A systematic study of the 
prehistoric representations on-site has been initiated with portable XRF instruments. The 
new data acquired by the combination of synchrotron radiation methods and the first in situ 
measurements in the cave give more detailed insights into the characterisation of the pictorial 
matters used by the prehistoric artists. Data evaluation was performed using principal 
component analyses. It offers arguments to link specific pictorial properties to particular 
periods of ornamentation inside the cave. 
 
 

Introduction 

The Lower Gallery of La Garma is a major site of Palaeolithic 
rock art in the Cantabrian region, and one of the most relevant 
for the study of its archaeological context. The original entrance 
was blocked at the end of the Pleistocene and so the Upper 
Palaeolithic floors and structures were preserved in their 
original state. Hence, this site offers a rare state of preservation 
for rock art research. It contains an important ensemble of rock 
art including more than 500 graphic units, among them 92 
animal figures, 109 signs and 40 hand stencils. On the basis of 
its importance, La Garma has been included in the World 
Heritage List of the UNESCO. 

The Lower Gallery with its well preserved Magdalenian floors 
also provides exceptional information about the context in 
which the rock art was produced. Some stains of paint on the 
floor, palettes with remains of crushed iron oxide and the 
sources of certain raw materials used to prepare the paintings in 
the cave have been studied1. The first physicochemical studies 
of this rock art were conducted in order to enhance the 
archaeological and stylistic knowledge acquired about the 
cave2,3,4,5. This additional information complements that 
provided by archaeological investigations, by providing 
knowledge about the composition of the palettes used by 
prehistoric artists. This has improved the comprehension of the 
overall organisation of the figures inside this cave and allows 
highlighting the existence of different decorative steps. 
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To achieve these new observations, 56 representative samples1 
of La Garma rock art have been first physicochemically 
characterised by energy dispersive X-ray spectrometry coupled 
to a scanning electron microscope (SEM-EDX) in the Centre 
for Research and Restauration of the French Museums 
(C2RMF) in Paris. The new results has answered many 
archaeological questions about the preparation of the paint 
matter and the use of specific paint pots, providing the basis for 
a better understanding of this major decorated cave. However, 
some issues remained unresolved, requiring complementary 
analyses by micro-X-ray fluorescence and micro-X-ray 
absorption near edge structure (µXRF/µXANES) analyses of 
the Fe K-edge at beamline P06 of the Deutsches Elektronen-
Synchrotron in Hamburg (Germany) to determine oxidation 
state and coordination environment. 

Both methods, synchrotron X-ray and SEM-EDX analyses, are 
well-established techniques for the study of rock art6,7. They are 
mainly focussed on the characterisation of the pigment and its 
physical properties and chemical composition. As they are 
destructive methods, they are limited to the investigation of 
samples taken from the original art works. In order to 
investigate a wider range of art works in La Garma cave while 
preserving the integrity of its prehistoric representations, in situ 
investigations were done with a mobile XRF instrument. The 
use of such portable methods is becoming more widespread 
8,9,10,11, taking advantage of the instrumental developments 
made in the last few years in the XRF technique12. This led to a 
renewal of the physicochemical analyses of rock art with non-
invasive methods. 
The question posed in this article is whether a specific palette 
(as chemically identified) can be linked to the ornamentation of 

Fig1: Localisation of the 42 analysed samples by SEM-EDX among the 56 which were sampled in the Intermediate and Lower 

Galleries. Localisation of the figures analysed by pXRF in the Intermediate and Lower Galleries. 
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a particular room and/or to a specific decorative step. In 
investigating this question, we have gained detailed insights 
into the spatial, stylistic and temporal relationships between the 
figures. 
Additionally, we address the extent to which the different 
methods used are complementary. Further, a procedure is 
presented to account for the effect of the wall support in the 
evaluation of the in situ measurements. 

Materials 

Archaeological material 

Samples 

In a previous study1, 56 micro samples of pigments have been 
taken from the Intermediate and Lower galleries of La Garma 
(Fig1). In the order scale of just a few one-tenths of a 
millimetre, they have been carefully selected by Pablo Arias 
and co-workers in order to be representative of the different 
colours (black, red, yellow and purple) and decorated areas 
found in the cave. This set of samples gathered different 
mineral phases of iron oxides, manganese oxides, mixtures and 
charcoal. The selected samples therefore provide a global 
vision, as representative as possible, of the pictorial matter used 
by prehistoric artists at La Garma. They have been taken off 
with a sterile scalpel blade. 
Twenty-six of the 56 micro-samples (from LG30 to LG55) 
previously observed and analysed by SEM-EDX have been 
recently the target of synchrotron µXRF and µXANES 
analyses. 

Decorated panels 

In parallel, non-invasive analyses have been performed in the 
cave using a portable X-ray fluorescence spectrometry (pXRF) 
instrument. Different decorated areas of interest were chosen 
for this first in situ study of the rock art of La Garma. In total, 
three zones have been analysed, as indicated in Fig1: two in the 
Lower Gallery, the zones IV and VIII, and one in the 
Intermediate Gallery. These areas are extremely difficult to 
access and require the use of portable instruments of minimal 

possible weight. Therefore, a series of spots was investigated, 
but no imaging experiments were done. However, the non-
invasive nature of such instruments enables the acquisition of 
statistically relevant data by multiple measurements of different 
spots on the same artistic element, as it is illustrated by the 
example of two decorated panels (Fig2). With a particular 
attention, each analysed point had to be representative for the 
investigated figure. In total, 57 points from ten individual 
representations and one stain of red pictorial matter were 
measured (Table1). In all cases, the underlying rock surface 
was analysed for comparison.  

Reference compounds for XANES 

Based on the work of Wilke et al.13, four compounds have been 
selected for the characterisation of Fe2+ and Fe3+ in the various 
coordination environments: Siderite (Fe2+CO3) and Staurolite 
(Fe2+

4Al18Si8O46(OH)2) for VIFe2+ and IVFe2+, respectively, and 
Andradite (Ca3Fe3+

2(SiO4)3) and Ferriorthoclase (Fe3+PO4) for 
VIFe3+ and  IVFe3+, respectively. The reference compounds were 
pressed into pellets with boron nitride. 

Experimental 

Synchrotron instrumentation 

Scanning µXRF and µXANES measurements at the Fe K-edge 
were performed at the Hard X-ray Microprobe beamline P06 at 
the PETRA III storage ring of the Deutsches Elektronen-
Synchrotron (DESY). 
The primary radiation emitted by the undulator device was 
monochromatized with an Oxford High-heat load Double-
crystal Monochromator using Si (111) crystals and focused by a 
pair of KB-mirrors, yielding a beam size of 0.6 x 0.6 µm2. 
The intensity of the primary beam before the sample was 
recorded with an ionization chamber, while the intensity of the 
transmitted beam was determined with a PIPS diode. The 
fluorescence radiation emitted by the sample was recorded with 
a Maia detector array, which consists of 384 energy dispersive 
detector elements with an active area of 1 mm2 each. The Maia 
detector is designed for fast imaging experiments and provides 

Fig2: Indication of the analysed points in the stalagmitic column 1 (Intermediate Gallery) and in the 

decorated panel of the southern part of the zone IV (Lower Gallery), which includes five animal 

representations (aurochs IV-6, megaloceros IV-7, quadrupeds IV-8 and IV-9 and horse IV-11). 
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outgoing count rates of up to 10 Million counts per second.  
Consequently, it allows acquiring elemental distribution images 
with a dwell time below 1 ms14, provided the elements of 
interest in the sample give rise to fluorescence radiation of 
sufficient intensity. 
For the investigation at beamline P06, 26 selected samples from 
La Garma cave were deposited in powdered form on Mylar® 
tape, which was mounted on a same sample carrier. An 
overview scan of the entire range of samples was done with a 
step size of 5 µm and a dwell time of 1 ms at a primary energy 
of 21.2 keV.  
The primary energy was lowered after this scan to 7.2 keV for 
the acquisition of XANES data. XANES acquisition was 

performed in imaging mode, i.e. a stack of elemental 
distribution images is acquired at different primary energies. 
After fitting the raw data the result is a data cube with two 
lateral dimensions and one energy dimension, in which a full 
XANES spectrum is acquired for each pixel investigated.   
The XANES profiles were recorded in the energy range of 
7.08-7.20 keV, with an energy step size of 0.5 eV, with the 
exception of the pre-edge range (7.106-7.118 keV), in which an 
energy step of 0.1 eV was used, and the energy range from 7.14 
to 7.20 keV, for which an energy step of 1.0 eV was used. 
Reference XANES profiles were acquired on reference samples 
under the same conditions as given above. Meaningful profiles 

Reference Prehistoric representation Localisation Colour 
Number of XRF 

measurements 

Previous SEM-EDX 

result1 

AP_LG1 

Stalagmitic column 1 
Intermediate 

Gallery 
Red n=5 Hematite Hb0.1 

AP_LG3 

AP_LG4 

AP_LG5 

AP_LG7 

AP_LG9 Stalagmitic column 2 
Intermediate 

Gallery 
Red n=1 Hematite Hb0.1 

AP_LG20 

Aurochs IV-6 
Zone IV, 

Lower Gallery 
Red n=3 Hematite Hb0.5 AP_LG21 

AP_LG22 

AP_LG25 

Megaloceros IV-7 
Zone IV, 

Lower Gallery 
Red n=2 Hematite Hp5 

AP_LG26 

AP_LG27 

AP_LG28 

AP_LG29 

AP_LG11 

Quadruped IV-8 
Zone IV, 

Lower Gallery 
Red n=3 Non-analysed AP_LG31 

AP_LG32 

AP_LG13 
Quadruped IV-9 

Zone IV, 
Lower Gallery 

Red n=2 Hematite Hp5 
AP_LG18 

AP_LG14 

Horse IV-11 
Zone IV, 

Lower Gallery 
Red n=3 Hematite Hp5 AP_LG15 

AP_LG16 

AP_LG34 

Mask IV-12b 
Zone IV, 

Lower Gallery 

Red n=3 Hematite Hp5 AP_LG35 

AP_LG36 

AP_LG37 

Black n=3 Manganese oxide AP_LG38 

AP_LG39 

AP_LG44 

Indeterminate animal IV-20 
Zone IV, 

Lower Gallery 

Black n=3 Manganese oxide AP_LG45 

AP_LG47 

AP_LG50 Red 
stain 

n=2 Non-analysed 
AP_LG51 

AP_LG54 
Negative Hand VIII-30 

Zone VIII, 
Lower Gallery 

Yellow n=2 Non-analysed 
AP_LG55 

Table1: Description of selected area and representations analysed by XRF spectrometry. Related with previous SEM-EDX results. 
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were acquired by summing the XANES scans of several 
hundred pixels per material. 
The samples were measured in a similar fashion with a lateral 
step size 50 µm and 1 ms dwell time. The rather coarse lateral 
resolution and the dwell time were due to technical difficulties 
of the storage ring, which reduced the time available for the 
experiment. The data evaluation was performed with the 
GeoPIXE software package15. 

In situ instrumentation and data evaluation 

The XRF analyses have been carried out with a portable 
spectrometer constructed in-house. This device is composed of 
a 40 kV MOXTEK X-ray tube with a palladium anode. By 
employing a collimator, a beam spot size of approximatively 
1mm² on the sample is achieved. The XRF signal is collected 
by a 7 mm² Silicon Drift Detector with an energy resolution of 
140 eV (FWHM at 5.9 keV). The incident angle of the X-ray is 
45° to the analysed surface while the detector is perpendicular 
to it. Both X-ray tube and detector are fixed on a positioning 
system allowing micrometric movements that is itself fixed on 
a tripod (Fig3). This configuration is well-suited for the study 
of panels that are difficult to access. 

Semi-quantitative data obtained by XRF have been extracted 
from the fit results of the spectra using the software PyMca16. 
Since in situ measurements are made in the atmosphere, the X-
ray energy of the elements with a low mass, below the mass of 
K, is attenuated. These elements are detected but cannot be 
considered in the semi-quantification of the data because of the 
uncertainty of X-ray attenuation. 

The chemical concentrations of eleven oxides have been 
determined on nine figures (Table2) (from one to five 
measurements per figure). The concentration for each element 
present in the paint has been evaluated with PyMca in such a 
way that the contribution in concentration of the substrate 
detected through the paint layer stays the same. This semi-
quantification related to Ca seems to provide a fair comparison 
between the set of studied representations. Before this, the 
substrate had been well-characterised, but the subtraction of its 
contribution proved to be incorrect because of the significant 
and unquantified bias related to the uncontrolled X-ray 
incidence and detection angles. This is due to the non-planarity 
of the wall and plays an important role in the varying 
fluorescence intensity, being the main experimental uncertainty 
of the measurement. The calculation of the concentration for 
each element of the paint was therefore performed without 
subtracting the signal of the support. 
Owing to the acquisition of a large number of values, the use of 
a principal components analysis (PCA) procedure for their 
interpretation seemed adviced17. 
This statistical treatment has been performed on the determined 
elemental concentrations, reported in the Table2, by means of 
the ade4 package implemented in the R environment18. 

Results and discussion 

Previous SEM-EDX results 

Initial characterisation of a set of samples representative of the 
colours (black, red, yellow and purple) found at La Garma was 
the focus of a previous study. This was carried out by SEM-
EDX analyses, and provided both morphological and chemical 
information for each colour.  
The black colour has been divided into two types: type 1 
composed of charcoal and type 2, composed of manganese 
oxides. The latter has been attributed to two different oxides 
according to their chemical composition. For the red colour, 
one type of iron oxide has been identified as hematite. 
However, three different types of hematite have been identified, 
depending on crystal size and morphology. They are labelled as 
Hp0.3, Hb0.1 and Hp5, consisting of respectively: clay-bearing 
platelets with sizes ranging from 0.3 to 0.5 µm, spherical grains 
ranging from 0.1 to 0.2 µm and platelets ranging from 1 to 5 
µm.  
The two others colours, yellow and purple, are less common. 
They correspond to mixtures of iron oxide and aluminosilicate 
minerals. Goethite has been identified as the iron oxide in 
yellow samples, while hematite with small amount of 
manganese produces the purple colour. 
Their distribution inside the cave is not arbitrary and suggests 
the use of specific paint pots that indicate the existence of 
different artistic phases in the overall composition. This is 
especially notable in the case of the red pigments, for which the 
morphological structure of hematite varied by the area in which 
the pigment was applied. 
  

Fig3: Portable XRF apparatus implemented in La Garma cave. 
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Synchrotron µXRF/µXANES results 

Twenty six of the 56 micro-samples studied by SEM-EDX 
were investigated with µXRF and µXANES imaging. 
The µXRF mapping of the samples has revealed a high 
heterogeneity of the elemental distribution within some of the 
pigments, as it is exemplary shown in Fig4. 
The comparison of µXANES spectra of the archaeological 
samples with those acquired for the reference compounds 
permitted the identification of Fe3+ as the predominant 
oxidation state of iron (Fig5). 
However, exact spectrum evaluation according to the procedure 
for an identification of the chemical species, as described by 
Wilke et al.13 was not found possible because of the low signal 
to noise ratio. This is a result of the reduced time available for 
the XANES experiments. 

Towards a non-invasive analytical strategy by pXRF 

Portable XRF analyses have been performed on the paint layer 
and simultaneously on the underlying rock surface close to the 
pigment to enable distinguish between the elements 
characteristic of the pigments from those derived from the 
painted surface. The effect of the substrate on the paint layer 
spectrum makes the identification of the chemical components 
of the pigments difficult. However, main characteristic 
elements can still be observed on the paint layer spectrum. For 
example, the spectrum of a red paint layer is shown (Fig6), 
where Fe, Ti and K can be identified as the main constituents of 
the pigment. 
 
 

 

Fig4: Composition of elemental distribution images Fe (red), 

Mn (green) and Ti (blue), showing the heterogeneity of a 

selected sample.

Fig5: The example of XANES profiles extracted from selected 

samples and two reference compounds. The colours of the sample 

represent the coloration of the paint samples. 

Fig6: XRF spectra from an iron oxide based pain layer (red spectrum) and from the substrate (black spectrum). 
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Multivariate statistical data analyses 

 

The treatment of the dataset by the PCA procedure allows us to 
identify data groups in principal component (PC) space. The 
two first principal components explain 45% and 25.7% of the 
variance, permitting distinction between the main components 
of the red and black paint layers (Fig7). Thus, Fe2O3 associated 
with TiO2 and K2O contribute strongly to the colour of red 
paint layers whereas MnO2 and BaO are characteristic of the 
black pigments. 
The second plot (Fig8) is related to the PCA model for the red 
colour only, and is comprised of data obtained for seven 
different decorative elements in different areas of the cave. The 
two first principal components explain 52.5% and 20.5% of the 
variance. Two groups can be distinguished in the score plot. 
The first one corresponds to the pigments of five prehistoric 
drawings located on the same panel (aurochs IV-6, megaloceros 

IV-7, quadrupeds (Ibex or Deer) IV-8 and IV-9, and horse IV-

11) and the stain of red matter below the indeterminate animal 
IV-20, in zone IV of the Lower Gallery. The second group is 
related to the deposit of colorant on stalagmitic columns in the 
Intermediate Gallery. The main oxide responsible for this 
second group is Fe2O3. It can be explained by the fact that the 
pigment of these columns seems to have a higher pigment 
density than the ornament panel of the zone IV. Moreover, the 
strongest influence of the substrate contribution (CaO) in the 

formation of the Lower Gallery group is clearly visible in this 
score plot, revealing less densely-pigmented paint layers. These 
observations provide clear evidence of the impact of pigment 
density on paint layers. 
 
Potential of a combined data interpretation 

 
The decorated panel of the southern part of zone IV, which 
includes five red animal representations, is a unique and 
interesting one, in part because two successive phases of 
decoration can be distinguished. This is based on the 
superposition of the figures and the types of paint (different line 
width and colour of the paint layers are observed): the earlier 
phase includes the aurochs representation IV-6 and the 
quadrupeds IV-8 and IV-9, whereas the later one includes the 
horse IV-11 and the megaloceros IV-7. 
Two different types of hematite constituting the red pigments 
used to draw these distinct sets of representations have been 
identified by SEM-EDX. The Hp5 (1-5 µm platelets) hematite 
species has been identified in the case of the quadruped IV-9, 
the horse IV-11 and the megaloceros IV-7, while the aurochs 
IV-6 revealed the use of a different hematite types, the Hb0.5 
(0.5 µm spherical grains). Regarding pXRF analyses, no 
significant differences between the chemical compositions of 
the red paint layers of all the representations of this panel have 
been revealed. Neither the chemical composition of these 

Fig7: Score plot (PC1 vs. PC2) of black representation (black points) and red representation (red points) summarized in the Table1; and 

loading plot to specify the main oxides influencing the structuration of the dataset. 
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drawings nor the difference between the hematite types could 
bring new insight to support the stylistic observations and 
explain the technical difference between the drawings. 
Multivariate analyses of the pXRF data did not allow any 
further discrimination for this panel. However, applied to the 
red rock art at a widest scale of the cave, the multivariate 
analysis permitted the identification of two groups, one 
particular to the Intermediate Gallery and the other to the 
Lower Gallery. According to the loadings plot, these groups 
seem to be linked to physical properties (such as grain 
morphology) of the paint layers rather than to their chemical 
composition. The SEM-EDX results supplement the former 
observations. The group of the Intermediate Gallery, 
corresponding to the LG30 and LG31 samples, is associated to 
one particular hematite type, Hb0.1 (0.1-0.2 µm spherical 
grains). The small size of the particles of this hematite type 
could contribute to the intensity and the high coverage power of 
these paint layers revealed by the PCA analysis. In contrast, the 
decorated panel in the Lower Gallery, included in the second 
group, is related to the LG2, LG5 and LG33 samples identified 
as Hp5 (1-5 µm platelets). The larger size of the particles of this 
hematite type could explain the lower intensity and coverage 
power of the paint layers. The notable differences between 
these two groups might be linked to different methods of 
preparation of the paint palette, with different types of hematite 
mixed (or not) with binders. A higher pigment-density in the 
paint layer could also explain the distinction between these two 

groups. This would indicate different methods of applying paint 
by prehistoric artists. These methods are directly linked to the 
surface state of the wall and its geological and physicochemical 
nature.  
To confirm these observations on the preparation of the 
prehistoric palette and its mode of application, in situ analysis 
of a higher number of representations must be made. 

Conclusions and perspectives 

This study of the rock art of La Garma has demonstrated the 
success of a combined approach, relying on the use of 
synchrotron, laboratory and portable X-ray analyses. The use of 
one method alone would not provide sufficient new insights 
into the pigments and therefore more detailed insights into the 
spatial, stylistic and temporal relationships between the 
prehistoric representations. However, the combined approach 
enabled us to distinguish unique paint layers based on their 
physical properties.    
Although the full potential of micro-XANES could not be 
exploited, the synchrotron X-ray analyses have demonstrated 
the potential of the method to characterise such heterogeneous 
prehistoric paint samples and to differentiate between paint 
layers on the microscopic scale. 
In parallel, the XRF evaluation procedure using multivariate 
statistical analyses has proven to be effective in such studies 
under difficult on-site conditions. It did not enable a 

Fig8: Score plot (PC1 vs. PC2) of the red rock art analysed by XRF in the Intermediate Gallery (stalagmitic column 1) and in the Lower 

Gallery (aurochs IV-6, megaloceros IV-7, quadrupeds IV-8 and IV-9, horse IV-11 and the red stain below the indeterminate animal IV-20);

and loading plot to specify the main oxides influencing the structuration of the dataset. 
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discrimination of the pigments in terms of their chemical 
composition due to the inhomogeneous measurement 
conditions (wall geometry, uncontrolled X-ray incidence and 
detection angles between the wall and the spectrometer) and the 
varying contribution from the wall support in the spectra. 
However, the application of multivariate statistical methods 
such as PCA in the treatment of pXRF data has shown that a 
grouping of pigments used to produce different prehistoric 
figures is possible. These differences are likely related to other 
non-chemical paint properties such as intensity of the colorant 
or paint-layer density. These properties are the record of artistic 
practices of the prehistoric artists, such as methods of paint 
preparation or the application techniques employed. 
This study showed that in situ results can be used to 
differentiate prehistoric paint layers by their physical 
properties. The next phase of this research will be a systematic 
on-site study of La Garma rock art by portable and non-
invasive methods, which can be implemented while preserving 
the integrity of its prehistoric representations. Further spatially-
resolved synchrotron X-ray analyses will be performed for a 
more precise chemical differentiation of the prehistoric paints. 
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This rock art study of La Garma provides new and original insights into the characterisation 

of the prehistoric paint palette. 
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