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Abstract. Our cultural heritage is constituted by irreplaceable artworks that
must be known and preserved. Their study and documentation should be in
principle carried out using non-invasive approaches. The technological ad-
vances in spectroscopic imaging acquisition devices made it possible to apply
this methodology to such purpose. In this context, the present paper discusses a
particularly challenging task within the conservation field, which is the identifi-
cation of red lake pigments in artworks, applying Vis-NIR hyper-spectral imag-
ing spectroscopy. The latter was used to characterize and discriminate between
historically accurate paint reconstructions of brazilwood (vegetal) and cochineal
(animal) lake pigments. The same paints were also analyzed with Fiber Optic
Reflectance Spectroscopy to validate the data obtained with the imaging me-
thod. The requirements for a successful identification of these pigments are ad-
dressed, and future research is suggested in order to increase the usefulness of
the technique’s application.

Keywords: Hyper-spectral imaging * Non-invasive approach ¢ Red lake pig-
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1 Introduction

The study of the materials that are part of our cultural heritage constitutes one of the
most challenging tasks within the conservation field, and it should only be carried out
using non-invasive multi-analytical approaches in order to preserve the artworks’
integrity. Due to the technological advances in hyper-spectral image acquisition de-
vices, imaging-based spectroscopic techniques that combine non-invasive analytical
possibilities and imaging, are now a promising tool to such purpose. Mainly used with
paintings and manuscripts, they can contribute to a better understanding of the ob-
jects’ construction and condition. This paper discusses these techniques as promising
powerful when it comes to the particular study of red organic dyes and lake pigments.
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Natural red organic dyes of both vegetable and animal origin (plants such as bra-
zilwood, and insects such as cochineal) and their complexes have been used by artists
for artworks since Antiquity [1]. These complexes, known as lake pigments, and their
paints are generally composed by the colored dye and its complexing metal ion (alu-
minum, in most cases), the inorganic component, and the binder. Their identification
in artworks is seldom successful due to the complexity of their chemical composition;
the presence of different chromophores, degradation products, and other pigments;
and the nature of their application. Additionally, these colors are prone to fading,
leading to changes in the artworks visual appearance, which may be differently
interpreted from the original intention [2].

The identification of these materials in our cultural heritage has been commonly
carried out with sampling-based methods [3]. Despite promising efforts have been
developed [4,5], the non-invasive techniques usually used in the identification of oth-
er classes of artists’ materials are generally not adequate in this case [3]. UV-Vis-NIR
Fiber Optic Reflectance Spectroscopy (FORS) could be in principle used for the iden-
tification of the organic colors since it is very sensitive to this class of pigments, and
allows collecting information in a non-invasive way [3]. However, several factors can
influence reflectance spectra, which may lack unique features that enables a precise
identification [3,6,7]. As a result, several studies have been published, in which red
dyes or lake pigments are identified but not discriminated [6,8,9,10]. Most of the
times, these are only classified based on their vegetal or animal origin, without identi-
fying the real colorant. In order to solve this challenge, the recently aroused imaging
spectroscopic techniques can hopefully be used as a valuable tool for the non-invasive
identification of red dyes and lake pigments, and their mapping in artworks [11].

Spectral imaging technology records simultaneously spectral and spatial informa-
tion from an object in a non-contact way [12]. Initially designed for areas other than
that of conservation science, the development that this method has undergone enabled
its application in different fields of research, including that of cultural heritage [12]. It
allows to survey the entire surface of an artwork, which means that spectra acquisition
is no longer limited to visually identified points thought to be representative of the
pigments and mixtures used [6,7]. In this sense, while avoiding the extrapolation of
results from point analysis to the rest of the artwork, it enables to increase the repre-
sentativeness of the data obtained and ensure the pigments’ diversity and spatial dis-
tribution present in the object. This identification and mapping of pigments based on
their spectral characteristics helps to understand how paintings and manuscripts were
constructed [13]. On the other hand, the combination of reflectance spectroscopy with
the advantages of digital imaging, makes this imaging technique a powerful tool for
conservators who wish not only to understand the artwork but also to document it.

In this paper, we will focus on the advantages and limitations of Vis-NIR hyper-
spectral imaging spectroscopy (IS) in the context of the analysis of red lake pigments.
In particular, IS was applied to characterize and discriminate between historically
accurate paint reconstructions of brazilwood and cochineal lake pigments. FORS was
also used in order to validate the data obtained with the imaging method. This was a
first approach towards the development of an optimized use of non-contact optical
measurement techniques to the accurate identification of dyes and red lake pigments,
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and their state of conservation in artworks. This study will indeed provide useful in-
formation that will ensure access to the best documentation of works of art, enhancing
their understanding and helping their long-term preservation. Moreover, the prepara-
tion of such accurate references enables the creation of a database of materials that,
not only helps the interpretation of the data obtained, but can also be used to compare
with case studies [14].

2 Experimental Design

2.1  Preparation of Historically Accurate Reconstructions

Brazilwood and cochineal lakes were prepared based on recipes from the 15" century
documentary text Livro de como se fazem as cores and the Winsor & Newton 19"
century archive, both valuable and representative sources of technical information of
their time [15]. Reconstructions were prepared using as much as possible historically
accurate methods and materials, starting from the dyes’ raw materials: wood scrap-
ings from Caesalpinia echinata species, and cochineal insects (Coccus cacti). This is
essential because we can only create a useful database of reference samples that can
be analytically characterized and compared with case-studies if reconstructions with
as much historical accuracy as possible are performed following reliable and repre-
sentative sources of technical information. This approach is important because mod-
ern materials do not represent those from the past and cannot be used to give insight
into it [16].

Twelve pigments (6 brazilwood and 6 cochineal lakes), ranging from light pink
and dark red to carmine and purple, were used to prepare the mock-ups. FORS and IS
measurements were carried out directly on paints applied with different binders in
filter paper. Each pigment was painted with three binders: egg white (or glair), gum-
arabic, and polyvinyl acetate. Also, selected reconstructions of brazilwood pigments
were mixed with selected cochineal pigments, in different proportions (1:1 and 1:2),
and painted with gum-arabic, in order to see if the presence of other chromophores
might influence the reflectance spectra obtained. All paints were prepared by grinding
the pigment alone with a mortar and pestle, then grinding it with water, and then with
the binder. Afterwards they were painted on filter paper sheets (29 cm x 21 cm) with a
brush. Efforts were made in order to obtain homogeneous paint films with the same
number of layers (2/3). Each individual paint was applied in order to cover several
squares with dimensions 2 cm x 3 cm.

2.2 Apparatus

FORS measurements of the paints in the 350-1000 nm range were performed using
the same apparatus and conditions as that described in [14].

Hyper-spectral imaging spectroscopic measurements of the paints in the 400-900
nm range were performed by means of a hyper-spectral scanner designed and assem-
bled at IFAC-CNR [17]. The system is based on a prism-grating-prism line-
spectrograph ImSpectorTM V10E (SpecIm Ltd), with a 30 pum slit. The spectrograph
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is connected to a high sensitivity CCD camera (Hamamatsu ORCA-ERG). The me-
chanical system can scan a maximum area of about 1 x 1 m2, with 20 vertical line-
scan stripes. The spatial sampling rate guarantees a spatial sampling of ~ 11
points/mm (~ 279 ppi) and resolution better than 2 lines/mm at 50% of contrast reduc-
tion. The system’s spectral sampling is about ~ 1.2 nm and resolution is ~ 2.5 nm at
half maximum. The hyper-spectral scanner is equipped with customized software,
developed at IFAC-CNR, for the management of the file-cube acquired (that contains
both spatial and spectral information, and can easily reach several tens of megabytes)
and the visualization and interpretation of data [17]. A certified Spectralon® standard
is used as white reference for calibration. After measurements and before data treat-
ment, calibration of the wavelength axis was performed with a holmium oxide (HO)
wavelength calibration standard.

3 Discussion of Results

Both IS and FORS made possible to discriminate between the two natural red organic
dyes of vegetable and animal origin since brazilwood and cochineal reflectance spec-
tra display characteristic features in the visible range at optimal conditions. Pink bra-
zilwood paints present characteristic reflectance spectra with a shoulder at 355 nm, a
strong absorbance band with a small shoulder at ca. 520 nm and with maximum at
556 nm, and a sharp increase in reflectance around 600-615 nm into the NIR region
(Fig. 1). Cochineal paints gave reflectance spectra with distinct features from those of
brazilwood, this discrimination being fairly easy at optimal paint concentrations. The
characteristic reflectance spectra for carmine cochineal lakes present a strong absorp-
tion band divided into two well-defined sub-bands at 525 and 562 nm, a small shoul-
der at ~ 490 nm, and also a sharp increase in reflectance around 615-670 nm (Fig. 1).
Exception to these values (not reported) was observed for the purple cochineal paint,
which presents the same spectral shape but with a red shift to 535, 570 and 498 nm
(two sub-bands and shoulder, respectively). The addition of brazilwood pigments to
cochineal caused little changes on cochineal paints original color, and no changes in
their spectra, showing that there is greater contribution to absorption from cochineal
rather than from brazilwood.

Similarly to what is reported in [3], in both cases (brazilwood and cochineal) best
reflectance results were obtained at low paint concentrations and for the lighter colors.
In fact, when the paints were saturated or had very dark color, the absorption intensity
is very high and only a strong absorbance in the visible region is observed instead of
the characteristic maximum at 556 nm for brazilwood paints, or the absorption sub-
bands for cochineal paints (Fig. 1). So, for the same dye it was neither the different
pigment recipes nor hues that caused distinct spectra, but the way the paints were
applied (i.e. to obtain an opaque layer). Thus, this lack of precise features hinders a
clear identification since paints display similar reflectance characteristics.
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Fig. 1. Comparison between reflectance spectra acquired on brazilwood (left) and cochineal
(right) paints with the hyper-spectral scanner (solid lines) and with FORS (dotted lines)

On the other hand, analysis of paint samples with the hyper-spectral scanner pro-
vided highly accurate RGB visible images with high quality and resolution (Fig. 2).
From these imaged pictures, it was possible to select each point/pixel and extract the
respective reflectance spectrum. In this work, spectra could be extracted from areas of
approximately 0.36 mm x 0.36 mm, or from larger areas in order to increase the sig-
nal-to-noise ratio. Reflectance spectra reported in Fig. 1 were extracted from averaged
~ 22 mm x 15 mm areas in the middle of the painted rectangles (~ 30 mm x 20 mm).
In this case, spectra are of high quality. Comparing them with those acquired with
FORS, shapes are very similar with regard to position of the absorption bands and to
absorption intensity (Fig. 1), therefore validating the IS data. In other words, with this
spatial resolution, it was proved that the results gathered with IS needed no support
from the site-specific technique (FORS). The spectral resolution of IS achieved at low
spatial resolution proved to be as high as the spectral resolution obtained with FORS.

To explore the technique’s potentiality, in selected paint squares spectra were also
extracted from sample areas with ~ 0.36 mm x 0.36 mm and compared with the aver-
age spectrum (Fig. 3). This example shows not only the heterogeneity of the paint
films, but also the possibility offered by the scanner to extract spectra from areas of
reduced size, and the good agreement between the average spectrum and the spectra
extracted from the smaller areas. However, since the sample size was reduced, the
quality of the reflectance spectra acquired on the smaller areas was also diminished.
This also shows the need to obtain a compromise between the desired spectral and
spatial resolutions, since increasing spectral resolution requires a reduction in spatial
resolution and vice versa [18].

Also, taking as reference a cochineal paint spectrum with well-defined sub-bands
at 520 and 560 nm, a convexity map was obtained to show the different spectral be-
havior considering a parabolic fit in the range 507-537 nm. Areas where cochineal
paint is less concentrated (therefore, presenting a well-defined spectrum) can be hig-
hlighted by fitting, for each pixel of the acquired hyper-spectral image, a parabolic
curve to the band shape of the reflectance spectra in the 507-537 nm range, where the
first absorption sub-band of cochineal is centered. The image of the painting was then
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reconstructed in grey levels, with the lighter areas corresponding to the greater fit
(Fig. 2). Fig. 3 shows two spectra extracted from a darker and a brighter area of the
same square of paint on the concavity image (1 and 2, respectively, Fig. 2), which are
clearly distinct due to the different paint’s concentration. This ability to identify areas
of different concentrations and to obtain spectra on areas of reduced size can be an
advantage when FORS is not capable of identifying these pigments because paints are
too concentrated or applied with a highly absorbing pigment. In other words, if the
saturated paint film is not totally homogeneous, it will be possible to select areas
where the paint is less concentrated, eventually providing additional information that
may be helpful in the identification of the dye. This example is also good to show the
possibility offered by IS to determine the materials’ spatial distribution in an artwork.
Moreover, the comparison of these elaborated maps with the RGB visible picture
makes easier the interpretation of the spectroscopic data, and can greatly enrich the
readability of an object.

Fig. 2. RGB color image of part of the filter paper sheet with cochineal paints reconstructed
from the IS cube file (left), and the respective 2D map considering a parabolic fit in the 507-
537 nm range (right)

4 Future Research

Hyper-spectral imaging spectroscopy was presented as a powerful technique in the
identification of brazilwood and cochineal lake pigments, since both present characte-
ristic reflectance spectra, as well as in expanding the information obtained from the
point-measurement technique FORS. However, there are still limitations to overcome
in order to improve and optimize the technique’s usefulness in the study of this class
of artists’ materials and understanding how they were prepared and applied. For ex-
ample, at the moment, emphasis still has to be put either on the imaging or on the
spectral component. Also, since organic lake pigments fluoresce depending on their
chemical structure and their micro-environment, the combination of reflectance with
luminescence imaging spectroscopy could also be of great value [6]. Once these fur-
ther developments are obtained, they will help to build the needed knowledge to use
the full potential of this innovative method of investigation, thus providing the great-
est benefit to the conservation field.
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Fig. 3. Reflectance spectra extracted from areas of different size (left) and of different concen-
trations (right) of cochineal paints with the hyper-spectral scanner
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