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ABSTRACT

Results of exploratory in situ analyses with a portable X-Ray Fluorescence (XRF) applied to six rock painting sites, located from Lluta to Camarones coastal 
valleys in the Atacama Desert, northern Chile, are presented. The results indicate the use of iron oxide as a main component in all paintings, alone or combined 
with aluminum silicate. Arsenic, a component highly present in water in the region, was also identified, indicating the use of water as a possible binder or thinner. 
These output allow unraveling painting technology, a step forward to define and understand the stylistic variability of rock art (engravings and paintings) in the 
context of the social changes and continuities of prehistoric communities. Additionally, it illustrates the effectiveness of portable XRF, a non-destructive analytical 
tool, applied for the first time in the Atacama Desert. 
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INTRODUCTION

X-ray fluorescence (XRF) is one of the most common techniques applied 
in conservation and archaeology1-3, specially in Europe and the United States, 
because of its ability to identify the presence of elements in major and minor 
amounts, and its non-destructive and non-invasive method of application. 
The improvement of portable equipment has contributed over the last 40 
years to increasing its use, as, in many cases, it allows in situ analysis without 
sample extraction. This technique is also valued for its relatively low cost 
and short period of analysis3. The use of portable instruments, such as Raman 
and especially X-ray fluorescence, has proven quite useful for the physical-
chemical characterization of Paleolithic art and more recently for rock paintings 
by contributing to their preservation and preventing unnecessary sampling4-11. 

In contrast, until recently, most of the work undertaken in Chile to 
identify paint components has involved invasive and destructive laboratory 
sample analysis methods, by means of X-ray diffraction12-14 or scanning 
electron microscope combined with energy dispersive X-ray spectroscopy15-19. 
Moreover, rock art paintings have been generally studied as images or 
iconographic representations, while the material aspects of these visual 
manifestations have been ignored because, among other issues, the lack of 
trained people in these methods and techniques, and the absence of specialized 
laboratories in Chile, of the kind where these samples were processed.

Paintings are embedded in complex production processes, from obtaining 
raw materials up to applying them onto a wall, followed by its subsequent use, 
maintenance, recycling, discarding or abandonment20-22. The selection or use of 
specific formulas in rock art painting can be as stylistic as the production of the 
images themselves. A figure is stylistic when it displays a selection of attributes 
of the real referent combined and arranged in a regular and specific way23. 
The composition of the panels, the use of certain techniques, and the selection 
of certain platforms or spaces can also reflect stylistic decisions. Thus, XRF 
analyses can help to find out whether dissimilar painting components or 
combinations of elements were used in rock art styles. In future research, we 
aim to strengthen the relation between physic and chemical results and cultural 
changes in the prehistory of northern Chile. 

Along the coast and valleys of the Atacama Desert, in northern Chile, rock 
painting is a rare form of expression—only 8 sites have been identified to date—
which contrasts with the large number of engravings and geoglyphs recorded. 
These images were created during a wide temporal range, from the Formative 
period or “Andean Neolithic” time (ca. 2500 B.P) up to the beginning of the 
European colonial era (16th century)24-25. The definition and understanding of 
the stylistic variability of rock art (engravings and paintings) in the context 
of the social changes and continuities in the study area has been recently 
addresed26. Thus the study of the composition of rock paintings is a different 
way to approach this thorny universal problem. Particularly, the stylistic 
and chronological framework for the Atacama Desert paintings continues 

to be uncertain, as most of the studies have concentrated on engravings and 
geoglyphs24-26. Besides, the motifs depicted in paintings are composed of 
geometric or indeterminate forms, making it difficult to compare them with 
iconography better chronologized, portrayed by means of other techniques and 
in different media (textiles, gourd pyro engraving, for example)27.

This study demonstrates the advantages of XRF portable instruments in 
determining the elemental characterization of rock paintings in the Atacama 
Desert, without destructive sampling. Also we contribute to paintings 
preservation. 

MATERIAL AND METHODS

Six sites were analyzed, which included from north to south and from the 
Pacific Ocean inland: La Capilla-1 situated south of the mouth of the Azapa 
Valley; Vitor-3a located at the mouth of the Chaca valley (known as Caleta 
de Vitor); Ofragía-1 and Cruz del Siglo-1 located in the middle reaches of the 
Codpa Valley; Camarones-19 at the mouth of the valley of Camarones and 
Huancarane-1 in the middle reaches of this valley (Figure 1). These sites are 
spread over three of the four main valleys that traverse the Atacama Desert 
merging into the Pacific shore28. All painting rock art are in color red. All 
figures analyzed are generally small (up to 20 cm). Only Huancarane and 
Ofragía 1 present two larger figures of ca. 50 cm.

Figure 1. Map of rock art painting sites at northern Chile.
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Of the six sites, only La Capilla-1 (CAP-1) have been recently excavated 
and radiocarbon dated, placing its occupation at around 3500 B.P., contemporary 
with the transitional period between the Archaic (10500–3700 years, BP), 
embodied by hunter-gatherer-fishermen, and the Formative or Neolithic (3700–
1500 years BP), which corresponds to sedentary farming groups29. New data, 
recently recorded, seem to indicate that CAP-1 cave and Vitor-3A were used 
late in the 19th century by Chinese slaves working in guano extraction. These 
operations, common along the South American Pacific the coast29, were carried 
by people brought from all over the Pacific, who replaced African farming 
slaves, whose condition was abolished throughout that century30. 

CAP-1 cave is one of the main sites on the coast with rock paintings. It is 
situated on a coastal promontory 20 m above the present-day mean sea level. 
The interior of the cave covers approximately 490 m2. The rock paintings are 
found only on the side walls adjacent to and facing the entrance that receive 
natural light. It contains 34 panels and 96 figures, 94% of which are geometric 
motifs, all made in red paint (Figure 2a)28.

were collected and plotted using Tracer software S1PXRF 3.8.3. In total, 25 
points were analyzed, 19 of which correspond to paintings and 6 to unmodified 
rock control sample (Table 1). All results obtained were semi- quantitative. 
The elements identified in the paintings were compared with the component 
identified from unmodified rock samples. For comparison all results were 
normalized as areas of each elements. Normalization was performed through 
the following formula: N=A/∑A, where N= Net Normalized, A= Net and ∑A 
= Sum of Net.

Figure 2. Analyzed examples of rock art painting. 2a) La Capilla 1.2. 
(CAP.1.2); 2b) Vitor-3a 3.6 (VIT. 3.6); 2c) Ofragía-1 1.2 (OFA 1.2).

Vítor-3a (VIT-3a) is a rock shelter also located on a coastal promontory, 
15 m above the present tide line. The site is composed by three chambers 
covering approximately 30 m2, and contains 14 panels and 58 painted figures 
(Figure 2b). Of the total, 62% correspond to geometric motifs28. 

Ofragía-1 (OFA-1) is located in the Codpa Valley, 59 km from the coast 
at 1768 masl. This rock art site, composed by 128 blocks and 338 panels, is 
situated strategically on the southern slope of the valley in an area associated 
with a major pre-Hispanic regional route25. Most of the figures are engraved, 
but one panel contains 2 painted figures and 1 figure that combine engraving 
and red painting.

Alero Cruz del Siglo-1 (CRU-1) is a small rock shelter of no more 
than 6 m2, located on the summit of a mountain, relatively away from other 
archeological contexts identified. The site contains 1 panel with 5 different 
geometric motifs: finger prints, vertical lines and one complex motif, of red 
color as in Ofragía-1.

The Camarones-19 (CA-19) site, at the mouth of this valley, is a rock 
shelter located 24 m above the present-day intertidal zone on a steep hillside 
that ends in a small bluff. The shelter covers 13 m2 and contains 16 panels 
with 15 figures, most of which are fingerprints of different sizes28. Most of 
the figures (80%) are painted in red, and a small fraction in yellow, but only 
red paint samples were analyzed to keep a comparative sample with the other 
studied sites.

Huancarane-1 (HUA-1) is located in the Camarones Valley, 61 km from 
the coast and 1076 masl. It is situated on a fluvial terrace on the northern valley 
wall. The site is associated with a residential area and a local pathway, and 
contains 80 blocks with 207 panels. Most of the figures are engraved, but there 
is one panel containing a single red painting (Figure 2c). 

XRF spectra were recorded with an XRF Bruker Tracer III-SD portable 
device with a detector fitted 10 mm2 XFlash® SDD, Peltier cooled and 
equipped with an X-ray tube Rh target; max voltage 40 kV. The specifications 
for this particular study were high voltage 15 kV of energy, 21 µA of intensity, 
an acquisition time of 30 seconds. We also use a vacuum pump (Figure 3). Data 

Figure 3. XRF portable at Vitor-3a.

RESULTS AND DISCUSSION

The most common and representative elements, Al, Si, P, S, K, Ca, Ti, 
Mn, Fe, and As, for both paintings and rock platforms at the different sites 
studied (Table 1) are considered for discussion. First, one of the difficulties 
encountered was the presence of the same elements in the paintings and the 
unmodified rocks control sample, which make it difficult to differentiate the 
painting elements. Both samples display high levels of iron as well as calcium. 
The points analyzed display a high iron content ranging between 46 and 74%. 
In the paintings, the identification of iron could be interpreted as the result of 
oxide used for pigment. As the unmodified rocks are entirely made of igneous 
ferromagnesian volcanic rock composed primarily of pyroclasts or ashes, they 
have a high iron content, between 37 and 64%. However, arsenic, an element 
absent in the unmodified rock of the study sites, is present in combination with 
iron and another element (i.e. calcium). 

La Capilla-1
The paintings reveal the predominance of iron, followed by calcium, which 

together account for approximately 80% of the elements identified (Table 
1). The figure CAP 1.2 displays the highest iron content of all the paintings 
analyzed (Figure 4a). The paintings CAP 1.2 and 1.5 present arsenic as a 
trace element. The unmodified rock of these paintings shows higher presence 
of manganese, but in contrast it displays less sulfur and calcium than the 
paintings, except in the case of CAP 1.2. The other paintings, figure CAP 3.4, 
display high levels of aluminum and silica that may correspond to a mixture 
of some aluminum silicate with iron, which is different from iron-oxide-based 
paint. The presence of trace amounts of arsenic is notable in figure CAP-1 3.6.
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Table 1. Normalized net areas of the elements detected by XRF portable. Results for pigments and unmodified rock at 6 six sites from Atacama Desert. 

Site Sample 
Code

Color or 
Rock Al Si P S K Ca Ti Mn Fe As

LA CAPILLA-1

CAP 1.1 Red 0.0054 0.0269 0.0069 0.0524 0.0160 0.2019 0.0198 0.0127 0.6161 n.d.

CAP 1.2 Red 0.0036 0.0118 0.0041 0.0262 0.0155 0.1168 0.0177 0.0123 0.7456 0.0046

CAP 1.3 Red 0.0055 0.0264 0.0095 0.0737 0.0191 0.2810 0.0218 0.0147 0.4955 n.d.

CAP 1.4 Red 0.0043 0.0139 0.0084 0.0591 0.0177 0.2681 0.0190 0.0151 0.5459 n.d.

CAP 1.5 Red 0.0041 0.0162 0.0070 0.0617 0.01599 0.2384 0.0184 0.0128 0.5585 0.0196

CAP 1.6 Rock 0.0051 0.0324 0.0046 0.0326 0.0144 0.1317 0.0242 0.0604 0.6485 n.d

VITOR- 3A

VIT 3.1 Red 0.0038 0.0105 0.0084 0.1133 0.0155 0.2967 0.0126 0.0115 0.5003 n.d.

VIT 3.2 Rock 0.0038 0.0116 0.0084 0.1114 0.0152 0.2462 0.0204 0.0132 0.5294 n.d.

VIT 3.3 Red 0.0046 0.0158 0.0084 0.0712 0.0111 0.1891 0.0262 0.0154 0.6117 n.d.

VIT 3.4 Red 0.0610 0.0266 0.0088 0.0610 0.0107 0.1502 0.0269 0.0142 0.6550 n.d.

VIT 3.6 Red 0.0052 0.0168 0.0195 0.1469 0.0144 0.4909 0.0077 0.0119 0.2392 0.0104

VIT 3.7 Red light 0.0061 0.0249 0.0073 0.0710 0.0320 0.2084 0.0188 0.0151 0.5750 n.d.

VIT 3.8 Red 0.0044 0.0099 0.0120 0.1701 0.0124 0.5121 0.0071 0.0103 0.2261 n.d.

OFRAGIA-1

OFA 1.1 Red 0.0066 0.0415 0.0035 0.0333 0.0291 0.0672 0.0131 0.0174 0.7297 0.0286

OFA 1.2 Red 0.0089 0.0614 0.0044 0.0123 0.0587 0.0485 0.0205 0.0242 0.6972 0.0247

OFA 1.3 Rock 0.0193 0.1676 0.0062 0.0093 0.0907 0.0525 0.0318 0.0359 0.4941 n.d.

CRUZ DEL 
SIGLO-1

CRU1.1 Red 0.0054 0.0232 0.0080 0.0712 0.0187 0.3047 0.0135 0.0157 0.4668 0.0292

CRU 1.2 Red 0.0046 0.1920 0.0070 0.0790 0.0143 0.2844 0.0101 0.0128 0.5046 0.0327

CRU 1.3 Rock 0.0152 0.1154 0.0100 0.0167 0.0958 0.0710 0.0434 0.0390 0.4544 n.d.

CAMARONES-19

CA.19.1.1 Red 0.0062 0.0373 0.0053 0.0320 0.0166 0.1087 0.0282 0.0251 0.6422 0.0096

CA-19 1.2 Red 0.0045 0.0200 0.0078 0.0868 0.0138 0.2342 0.0163 0.0190 0.5051 0.0115

CA-19 1.3 Rock 0.0058 0.0199 0.0114 0.0795 0.0169 0.3075 0.0257 0.0259 0.3725 0.0200

HUANCARANE-1

HUA 1.1 Red 0.0080 0.0486 0.0084 0.0970 0.0340 0.2844 0.0141 0.0154 0.4296 0.0235

HUA 1.2 Red 0.0195 0.1572 0.0077 0.0121 0.1302 0.0663 0.0327 0.0534 0.3797 0.0263

HUA 1.3 Rock 0.0143 0.0999 0.0096 0.0156 0.0899 0.0999 0.0421 0.0402 0.4266 n.d.

Vitor-3A
The results do not clearly distinguish the paintings from the platform. 

The most prevalent element in figures VIT-3a 3.1, 3.3, 3.4 and 3.7 is iron 
(Table 1). In contrast, in figures VIT 3.6 and 3.8 the most prevalent element 
is calcium, with a lower iron content (less than 25%), while unmodified rock 
contain 50% of iron in this site. We think that VIT 3.6 and Vitor 3.8 paint were 
not based on iron only, but rather possibly on aluminum silicate with presents 
iron content. These two figures also display, unlike the others, the presence of 
sulfur (Figure 4b). Taken together and by linear correlation, the presence of 
these two elements in these cases could indicate a mixture of calcium sulfate as 
gypsum, for example (Figure 5). The highest content of calcium compared with 
the lower amount of iron, seems to indicate that gypsum masked the reading of 
iron in the paintings. 

Ofragía -1
The two points associated with paint (OFA 1.1 and 1.2) have high iron 

content and traces of arsenic, which allows the paint composition to be 
distinguished from that of the platform, in which that element is not identified 
(Figure 4c). Additionally, higher levels of aluminum and silica are observed on 
the platform (OFA 1.3) than in the paintings.

Alero Cruz del Siglo-1
The paintings and platform present similar quantities of iron (Table 1). 

Traces of arsenic were observed in the two paintings analyzed (CRU 1.1 and 
1.2) but arsenic was absent on the unmodified rock (CRU 1.3). Two paintings 
contain higher levels of sulfur and calcium. As with Vitor-3a, these elements 
could indicate the formation of gypsum. On unmodified rock, higher levels 
of titanium and manganese were observed than in the paint that could be 
explained as trace elements typically found in rocks of the area. The presence 
of aluminum and silica are higher on the unmodified rock, with the exception 
of CRU 1.2, which show content of silica in the painting.

Camarones 19
The two paint points analyzed (CA-19 1.1 and 1.2) display higher levels of 

iron than on the unmodified rock (Table 1). Unlike previous sites, arsenic was 
identified both in the paint and the unmodified rock. The other elements appear 
in similar levels at all points analyzed.

Huancarane-1
Like Ofragía-1 and Cruz del Siglo-1, traces of arsenic were found only 

in the two paint points analyzed. Point HUA 1.2 also presents high levels of 
aluminum, silica, and potassium, as well as lesser amounts of iron in HUA 1.1 
and 1.3, the latter on the platform (Table 1). Point HUA 1.1 displays a high 
level of calcium and sulfur possibly suggested to the formation of gypsum.

The results of in situ XRF analysis allowed us to define part of the chemical 
elemental characterization of rock paintings in the Atacama Desert, in northern 
Chile. The analyzed points display high iron content in both the raw material 
source of the pigment and in the unmodified rock control samples.

In all of the samples, traces of aluminum and silica are generally low. 
Based on these results we suggest that the analyzed paintings were made from 
some kind of iron oxide, possibly hematite. The exceptions are VIT 3.6 and 
VIT 3.8 that show low iron content in comparison to unmodified rock control 
samples (Table 1). Thus we suggest that the paintings of these points (VIT 3.6 
and VIT 3.8) were based on other material, possibly aluminum silicate mixed 
with iron (Figure 6).

Sulfur and calcium proportions follow a linear correlation, which make 
us to suspect the formation of a gypsum coat. Patina composed by this kind 
of element has been identified over rock surface overlaying the paintings in 
samples stratigraphically analyzed from other regions of the Atacama Desert16. 
This type of chemical deposition is typical of this hyper-arid region due to rock 
weathering and groundwater remobilization31.
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Figure 4. 4a) XRF spectrum of La Capilla-1 rock art painting; 4b) XRF 
spectrum of Vitor-3a rock art painting; 4c) XRF spectrum of Ofragía-1 rock 
art painting. 

Figure 5. Comparison of S and Ca normalized net area of all analyzed 
points.

Figure 6. Comparison of Al, Si and Fe normalized net area without 
unmodified rock.

The presence of arsenic traces in different sample of the analyzed paint 
points distinguish them from the unmodified rock control samples, which do not 
present this element, except in the case of Ca-19. Arsenic, a common element 
on watercourses in northern of Chile32, has already been identified in highland 
paintings of this region18. The high content of arsenic in rock paintings could 
indicate that technological formula to make the paints included the use of water 
as a binder or thinner. Some paintings, however, could have used resin, honey, 
egg or animal fat as binder or thinner, but we did not analyze this aspect here. 
We also do not know if this kind of organic compounds is preserved until now.

In relation to previous studies15-19, this work shows the importance 
of preliminary qualitative analysis of XRF portable technique. We can 
know effectively determine with better precision where to take samples for 
quantitative elemental analysis and for molecular characterization. Until 
recently, the first author of this work only used destructive analysis with no 
information of painting elemental composition. Thus, from a methodological 
perspective this innovative no destructive technique was first time applied in 
Chile in rock art paintings.

CONCLUSION

Iron oxide was the main component in all paintings applied alone or in 
combination with aluminum silicate. Besides, the presence of arsenic, a high 
component in the water of the rivers of the study area, suggests that water was 
possible used as binder or thinner. This formula was common to all the samples 
analyzed that cover a wide temporal and spatial range, but the implications in the 
context of the social changes and continuities of prehistory of northern Chile is 
still premature to be outlined. The results, however, provide information about 
painting technology, an important issue to understand the stylistic variability 
of rock art in the region. Finally, the first application of in situ XRF has opened 
new opportunities for studying rock art paintings in the Atacama Desert, and in 
Chile in general. It application has demonstrated that it helps to preserve these 
ancient and fragile rock art paintings.
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