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ABSTRACT

This paper reports on an unknown yellowish mineral compound found in an archaeological context from Chorrillos cemetery (Calama, Chile) dating to the
Early Formative period (800 - 200 B.C.). We used optic microscopy, SEM, EDX, 'H- RMN, *C-RMN, and infrared (IR) and Raman spectroscopy to tease out the
chemical and molecular composition of the sample. The microscopic images show amorphous yellowish granulates with heterogeneous chemical surfaces. 'H-
RMN and C-RMN negative results show that the sample is free of organic matter. The SEM and EDX indicate the presence of arsenic and sulfur in the sample.
The IR and Raman analyses suggest the presence of orpiment which is a toxic yellow arsenic sulfide mineral.
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INTRODUCTION

Instrumental analyses of pigment usage have a significant value to play
in many disciplines, such as natural resources, prehistoric artistic expression,
archaeology and art history. It is a useful tool to identify and characterize
pigments, elemental chemical composition, toxicity, usage, etc. Microsampling
and non-destructive techniques are also important variables to consider when
dealing with cultural patrimony and unique objects while pursuing chemical
characterization and analyses of ancient samples'.

This paper reports on analyses made on archaeological colored sediment
from an ancient funerary site in Chorrillos, Calama city, in northern Chile. This
archaeological sample is an unknown yellow pigment (Figure 1a). The pigment
sample was found in a mollusk shell that was part of the grave goods associated
with a female individual (ca. 25 — 30 years old) dating to the Early Formative
period (800-200 B.C.). Yellow arsenic sulfide minerals occur naturally and
many studies have reported its use by ancient cultures'-!". Here we show the
first study of an archaeological pigment from Calama and we discuss structural
analyses that were undertaken to carry out the identification of orpiment.

PRELIMINARY CONSIDERATIONS

In the 1950s it was thought that although the structure of orpiment (As,S.),
is a common monoclinic crystal system of an arsenic sulfide mineral (P2 /c,
a=4.256 A; b=9.577 A; c=12.19 A and p=109.75°), it seemed to have little
similarity with the orange-red arsenic sulfide mineral realgar (o-As,S,)'>".In
the 1970s it was shown that both structures were in fact built from the same
structural units, but upon different principles’. Thereupon, realgar was thought
to light-degrade to orpiment and arsenic oxide (As,O,, arsenolite), which is
consistent with the color change from red/orange to orange/yellow, however
this is not the case'>'>.

Today we know that pararealgar, another arsenic sulfide mineral (B-As,S,)
is an intermediate yellow pigment in the fading of realgar to arsenolite. Thus,
under the influence of light, particularly between 550 and 610 nm, the orange-
red realgar (a-As,S,) can change its structure to an orange product (y-realgar)
and then to yellow pararealgar (B-As,S,). Then, pararecalgar has been
demonstrated to convert to arsenolite by photochemical reaction'>'¢. Arsenolite
is also the product of orpiment fading, thus the final appearance of both realgar
and orpiment pigments are colorless or white. However, orpiment is not part
of realgar degradation'®. Subsequent research has shown that when exposed
to light realgar changes to pararealgar, not to orpiment'*?. The formation of
orpiment by the deterioration of realgar is not thermodynamically favored'+2.

Orpiment and pararealgar are yellow, while realgar is an orange to red
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mineral. All these pigments have different chemical signatures or vibrational
bands under structural analyses such as Raman or IR spectroscopy. But,
to the untrained eye, several factors complicate visual recognition of the
various phases of realgar, pararealgar and orpiment. Thus, the study of these
colored minerals may require one or more analytical techniques for proper
identification.

MATERIAL AND METHODS

Light microscopy and SEM-EDX analyses

About 3 mg of selected pigment were analysed using stereomicroscopy
(Olympus SZX-7) and EVO LS Scanning Electron Microscopy (SEM). SEM
Images were captured at 100x and 600x with secondary and backscattered
electron detectors. The sample was also analysed using an Oxford EDX detector
(8.5 WD and 450 kV). The spectrometry data was viewed and interpreted with
INCA software. The analysis was made at the Bioarchaeology Lab, Instituto de
Alta Investigacion of the Universidad de Tarapaca.

Infrared analyses

The infrared spectra were measured on a Fourier Transform Infrared
(FT-IR) Bruker Vector 22 spectrometer equipped with a DTGS (deuterated
triglycine sulfate) detector. The spectral resolution was 4 cm’!, and 16 scans
were performed. A pellet was prepared by mixing 1 mg of the solid sample and
200 mg of polyethylene. This analysis was made in the Facultad de Quimica
Organica of the Pontificia Universidad Catolica of Chile.

Raman analyses

About 50 mg of solid sample was placed onto a microscopy slide and the
Raman spectrum was recorded using a Renishaw Raman Microscope System
RM1000 equipped with a diode laser providing the 785 nm line, a Leica
microscope, an electrically cooled CCD (charge coupled device) detector and
a notch filter to eliminate elastic scattering. The spectrum was obtained using a
50x objective. The laser power output was 2.0 mW, and the spectral resolution
was 2 cm’'. This analysis was undertaken at the Facultad of Ciencias of the
Universidad de Chile.

'H- and “C-RMN analyses

Nuclear magnetic resonance spectra were recorded on a Bruker WM-250
apparatus using CDCI,, DMSO or D,0 organic solvents (around 10 mg were
suspended in 1 mL) containing tetramethylsilane as an internal standard. This
analysis was undertaken at the Facultad de Quimica Organica of the Pontificia
Universidad Catdlica of Chile.
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RESULTS AND DISCUSSION

The light microscopy shows some crystal and fibers blended with yellow
material (Figure 1a). The SEM images (using backscattered electrons) show
that the granules are an amorphous solid material with a heterogeneous
chemical surface (Figure 1b).

Figure 1. Archaeological sample (a) Optical microscopic image (32x) (b)
Backscattered SEM image (1.24x) of a single granule.

In a preselected granule with SEM analyses, smooth areas were labelled in
order to perform the elemental analyses (Figure 2a). Semi-quantitative results
of EDX characterization on several of these granules show high arsenic and
sulphur percentages in all analysed areas. Also, the elements oxygen (major
peak) and silicon (fourth major peak) show significant percentages (Figure 2b).
Thus, a vibrational spectral analysis was performed on the basis of previous
band assignments and data reported to test for specific arsenic sulphides®'¢.

Quantitative results

Figure 2. a) Backscattered SEM image (616X) and b) chart of results with
As (second major peak, 22.03%) and S (fourth major peak, 13.27%).

Theoretically, the IR spectra of orpiment and realgar have two distinct
spectral regions where the strongest bands are present. The stretching vibrations
are centered on 350 cm™ in the first region (300 to 400 cm™), with few bands of
medium and weak intensity. The second region (200 to 300 cm™) shows bands
due to S-As-S bending, centered around 250 cm! 2?26, In the IR spectrum
of the archaeological sample (Figure 3) we show the characteristic orpiment
bands between 250 and 400 cm™! due to the As-S stretching!>2!2¢.
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Figure 3. Infrared spectra from archaeological yellow pigment.
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We used Raman spectroscopy to corroborate the exact chemical nature
of the pigment. The spectra were registered between 100 and 2000 cm™
Figure 4 displays the Raman spectra in the 130 to 400 cm™' spectral region.
The unknown archaeological mineral displays the same spectral profile than
orpiment reference sample according to library spectrum (R060105) from
RRUFF™ mineral database. In Figure 4a and 4b the eight bands appear at the
same frequencies with similar relative intensities, indicating that they are likely
the same compound. Moreover, the archaeological sample and the orpiment
reference (Figure 4a and 4b) are different from realgar and pararealgar
spectra (Figure 4c and 4d). Thus, the yellow pigment is orpiment. A complete
assignment of the bands obtained is shown in Table 1 according with previous
data reported!>!7-2,
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Figure 4. Raman spectra from archaeological yellow pigment and library
standard: (a) Archeological sample, (b) Orpiment reference, (c) Realgar
reference and (d) Pararealgar reference.

The identified archaeological orpiment sample, was dissolved in
different deuterated organic solvents, such as, chloroform-d,, acetone-d, ,
dimethylsulfoxide-d, and deuterated water, with the goal to looking for organic
compounds that could be present. However in the 'H NMR and '*C NMR
spectra no signals belong to hydrogen or carbon atoms that would relate to
an organic compound were found. This evidence indicates the absence of any
organic compound in the pigment sample.

The archaeological orpiment is an arsenic sulphide, toxic to humans®.
Therefore, it is interesting that people of Calama, during the Formative Period,
were using this type of dangerous pigment as a funerary grave good. These
analyses open the question of how this mineral was mined in ancient times.
Sources of pigments such as arsenic sulphides in particular would be interesting
to trace and of course their hidden dangers in ancient populations of northern
Chile. Whether they were using this pigment for painting ornaments, ceramics,
and body decorations or for medicinal purposes is a question to investigate in
future studies. We know colourful pigments (manganese, iron) and funerary
behaviour have been reported for the Chinchorro Culture and for rock art in
northern Chile?®*2. This new evidence suggests that ancient populations were
familiar with several pigments that are beautiful but some dangerous to human
health?’*. This study has been useful to identify raw material used by ancient
Calama inhabitants.



Table 1. Raman wavenumbers (cm™) of the archaeological yellow pigment.

Archaeological . .
sample Vlb'ratlonal Comments
assignment
Raman (cm™)
Asymmetric stretching of As-S-
381w v, (As-S-As) As bridges
353 vs v, AsS,, Pyramids AsS, ,
Asymmetric stretching of
3085 v, AsS,, pyramids AsS, |
Symmetric stretching of
290 m V. ASS,, pyramids AsS, ,
Symmetric stretching of As-S-
199 w v_(As-S-As) As bridges
177 vw 3 AsS,, Bending pyramids AsS,
150 w d (skel) Skeletal deformation
131 m v, Bending pyramids AsS, ,

Bands intensity: w = weak, vs = very strong, s = strong, m medium, vw
= very weak.

CONCLUSIONS

The multi-instrumental approach to study an unknown yellow
archaeological pigment, suggest that is orpiment. It is interesting that during
the Formative Period, the people of Calama were using this type of dangerous
pigment as funerary grave goods. Future studies could focus on the sources of
origin, extraction and management of this dangerous mineral. We suggest that
it is important museum staff take necessary safety precautions, such as use of
gloves, clean lab coats, and new dust masks when handling pigments, especially
red pigment such as cinnabar or the yellow orpiment pigment analysed here.
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