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Nature offers a myriad of colours and the desire to replicate them is intrinsic to human
nature. People from past civilisations have, in fact, searched for natural sources of colour
since prehistoric times and have looked for ways to apply them to surfaces and make
them last as long as possible. These ancient people found out that some minerals could
be ground to obtain a fine powder and that some plants, insects and molluscs yielded
coloured solutions upon immersion in hot water. The former group of materials is referred
to as mineral or inorganic pigments, whereas the latter group of materials is referred to as
natural or organic dyes.

Pigments are completely or nearly insoluble in water and must be applied to surfaces
by mixing them with a binding medium. Dyes can be applied to fibres in several ways in
a water solution. The use of mordanting agents is often required. Additionally, organic
dyes can be processed into insoluble pigments by precipitating them onto an inorganic
substrate, thus creating the so-called lake pigments.

Since their discoveries and first applications, pigments and dyes have contributed
to some of the most spectacular forms of art and craftsmanship, from dyed textiles to
painted masterpieces. Painters, weavers, dyers, artists and craftsmen have developed
their skills over millennia to respond to their own creativity, stimuli from the natural
world, availability of local resources, as well as to everyday life needs, introduction of new
materials, market requests and even fashion. Terms such as Tyrian purple, lapis lazuli and
cochineal, to mention only a few, resonate in the collective imagination, evoking images of
priceless royal dresses, tireless caravanserai and fearless explorers.

This constant evolution and exchange of knowledge between different peoples have
led to a plethora of natural materials used to create and apply colour. These can drastically
vary based on geographical regions and time periods, so that the study of these materials
requires a high level of expertise and knowledge from the researchers tasked with their
identification. The scenario becomes even more complex in the second half of the 19th
century, when scientific advances revealed that colour was intrinsically related to the
structure of organic molecules and to crystallographic arrangements in minerals. Driven by
the desire to chemically replicate natural dye molecules, scientists embarked on a journey
that led to the discovery of synthetic dyes in 1856, when William Perkin accidentally
synthesised the coloured molecule mauveine (or aniline purple). By the end of the 19th
century, more than 400 synthetic dye formulations were patented, and the numbers grew
exponentially during the first decades of the 20th century, as the invention of new molecules
accompanied and partially drove the industrial revolution. However, it is not correct to
say that synthetic molecules replaced the natural ones, as there is evidence that traditional
methods and materials continued to be used and are still in use today.

The 15 articles selected for this Special Issue represent a window onto this very
complex research scenario, for which materials knowledge is often not sufficient to obtain
the desired results. This leads to highly inter-disciplinary studies, in which scientists,
conservators, historians, art historians and archaeologists join forces to answer research
questions on colour.

Heritage 2021, 4, 4366–4371. https://doi.org/10.3390/heritage4040241 https://www.mdpi.com/journal/heritage
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Sotiropoulou et al.’s review [1] on the use of molluscan purple (or “true” purple—
in Greek, porphyra = πoρϕύρα) as a pigment in wall paintings from the Aegean area,
summarises the research carried out on probably the most prestigious organic colourant
in history, and integrates it with new scientific evidence. The article reports on the use of
calcium carbonate from ground mollusc shells as the substrate on which to precipitate the
organic dye, thus pointing to the recycling of these shells, which were considered as waste
products from the “purple industry”. Connections between textile dyeing and pigment
production are also supported by archaeological evidence, as numerous loom weights
were found in the sites under consideration. The wall paintings themselves, in which the
purple pigment is used to depict several details in women’s costumes, implicitly reinforce
such a connection. The review ultimately showcases how science, archaeology and art
history come together to offer new keys for the interpretation of a topic that has fascinated
generations of researchers and scholars.

Pigments in wall paintings are also the main subject treated by Rampazzi et al. in
their investigation on 16th-century Italian wall paintings [2]. In addition to summarising
evidence of a traditional palette of inorganic pigments, such as red and yellow ochres,
ultramarine blue, bianco Sangiovanni, cinnabar/vermilion and azurite, other pigments,
such as clinochlore, Brunswick green and ultramarine yellow were detected in the upper
layers of samples that also showed complex stratigraphy. This is reported as the first
evidence for the use of such pigments in wall paintings. Furthermore, as these pigments
were all synthesised in the 19th century, their presence provides dating information for the
execution of re-painting campaigns. The authors further the investigation, by discussing the
ubiquitous identification of aragonite as an indication of the use of shells as an aggregate
in the mortar, a practice that was known from the Roman period, but that has never
been attested in later wall paintings. These results, together with the report on the poor
conservation state of the paintings, enable a fuller picture to be drawn of the undocumented
history of the church that houses them and will hopefully foster conservation interventions.

Sixteenth-century artist materials are also the topic of Balbas et al.’s contribution [3].
The study brings the reader to Mexico, and focuses on a polychrome maize stem sculpture.
The identification of the pigments is only one part of a detailed investigation aimed at
reconstructing the production/conservation history of the sculpture. Traditional Mexi-
can materials, such as maize, paper made of cotton fibres, and colorín wood are present
alongside materials traditionally encountered in polychrome objects of European origin
(gypsum and animal glue for the ground; vermillion, cochineal lake and lead white for the
red shades), thus reflecting the convergence of indigenous and European artistic traditions
in this type of objects. The historical research and stylistic analysis led to hypothesise
the exact workshop in which the sculpture was produced. Computer tomography and
stratigraphic analysis of the polychromy highlighted original elements and alterations. All
the observations come together in a captivating discussion.

In the studies introduced so far, samples were taken and analysed to answer some of
the research questions. However, in some cases, sampling is simply not an option, as the
works of art under investigation are too precious or too fragile to allow for samples, even
very tiny ones, to be removed from them. This is particularly true for artworks on parch-
ment and paper, as highlighted in the contributions by Agostino et al. [4] and Dill et al. [5],
respectively. The development of non-invasive and portable spectroscopic techniques is
one of the most active research areas in heritage science. Agostino et al. show how an ana-
lytical workflow based on optical microscopy, fibre optic reflectance spectroscopy (FORS),
fibre optic molecular fluorimetry (FOMF), X-ray fluorescence spectrometry (XRF) and
micro-Raman spectroscopy can unveil the palette used to decorate Medieval illuminated
manuscripts [4]. This information was then used to underline the fact that certain pigments
and colourants were used in a hierarchical way, thus providing further insight into the
modus operandi of the artist. On the other hand, Dill et al.’s contribution showcases the
potential of non-invasive imaging techniques as opposed to point analysis [5]. Macro-XRF
(MA-XRF), hyperspectral imaging (HSI), photometric stereo imaging and transmitted light
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imaging were used to investigate three hand-coloured prints showing the work of artist-
naturalist Maria Sibylla Merian (1647–1717) and answer questions related to the attribution
and dating of the prints. The observations enabled the prints and paper to be attributed
to a posthumous edition of the artist’s work published as a French translation in 1771,
whereas the colouring was carried out after 1920, as shown by the presence of cadmium
red and titanium white pigments, probably by an art dealer or collector trying to add value
to the prints.

Modern pigments and colourants are the topic of several articles in this collection.
These materials represent a challenge for scientists and conservators for many reasons,
including the limited information available on their chemical composition and degradation.
Hence, characterisation studies, such as the contribution by Pause et al. [6], are fundamental
to building databases and enhancing our knowledge of these materials. In their study, the
authors test the use of a handheld Raman device for the non-invasive identification of syn-
thetic organic pigments in historic pre-1950 varnished paint-outs from manufacturer Royal
Talens. Historic books and catalogues from colour manufacturers represent an important
source of information, as highlighted in other studies as well [7]. In fact, the confusion
around nomenclature and chemical formulae of synthetic organic pigments and dyes is a
challenge in itself. In addition to reporting on the feasibility of the identification technique,
the article contributes to a better understanding of artists’ materials used between 1932
and 1950.

Building this foundation of knowledge is the first step towards more focused studies,
such as the ones reported by Lizun et al. [8] and Martins et al. [9]. Lizun et al. take on the
complex task of exploring the painting technique and materials adopted by Singapore artist
Liu Kang during his period in Paris (1929–1932), by analysing 14 paintings with a wide array
of non- and micro-invasive analytical techniques [8]. The detailed technical examination is
coupled with historical information derived from archives and contemporary catalogues.
The research leads the authors to reveal the use of a relatively restricted palette of pigments,
such as ultramarine blue, viridian green, chrome yellow, iron oxides, organic reds, lead
white, and bone black, with some additional pigments used sporadically, such as cobalt
blue, Prussian blue, emerald green, cadmium yellow, cobalt yellow, and zinc white, while
the painting technique was in line with the exploratory phase of the artist, who was
developing his own style during this early stage of his career.

Martins et al. focus on an iconic work by Henri Matisse with the intention of identify-
ing the pigments used in the gouaches of the illustrated book, “Jazz” [9]. Three different
copies were investigated, and the results were consistent, revealing the use of 39 pigments,
including both mineral and synthetic organic pigments. The article also discusses the use
of multivariate statistical analysis for the treatment of large datasets and the limitations
of certain non-invasive techniques for the identification of organic molecules. But most
importantly, the research was able to inform on the condition of the prints, in order to sup-
port conservation strategies. In particular, similar colour shades were obtained using very
different materials with different light sensitivities, thus impacting conservation decisions.

In Haddad et al.’s contribution, Alexander Calder’s “Man-Eater with Pennants” is at
the centre of an investigation to reveal the original paint colours hidden beneath layers
of repainting [10]. In addition to showing an application on a sculpture rather than a
two-dimensional object, the article reports on the difficulty of distinguishing original
materials and subsequent applications in modern objects, and on the different degradation
pathways occurring during outdoor exposure. The original paint layers were identified
as containing Prussian blue, parachlor red and chrome yellow, whereas the many layers
of overpaint contained titanium white, molybdate orange, several β-naphthol reds, red
lead, and ultramarine blue. Interestingly, the initial intention to use a maquette model of
the sculpture to confirm the original palette of the artist was discarded, as the analyses
showed that the maquette was painted after “Man-Eater” was first installed. The results
ultimately informed the restoration campaign that led to the sculpture once again being
exhibited in the Museum of Modern Art’s sculpture garden in New York City.
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The implication of scientific investigation on conservation and display decision-
making is also treated in Rayner et al.’s contribution [11], which focuses on an ancient
Greek terracotta krater treated with selective in-painting with cadmium orange (CdSSe).
Some of the restauration areas showed alteration after one year from the application of
cadmium orange. These areas were associated with the presence of chlorine, and, upon
recreation of the stratigraphy in mock-up samples, it was observed that the cadmium
orange degrades in the presence of chlorine and light, forming selenium-rich structures.
The research provides new information on the degradation of this pigment and led to
the removal of the altered paint layer and re-treatment of the object with non-cadmium
containing pigments.

Modern synthetic dyes are discussed in Ciccola et al.’s contribution [12], which reports
on an interesting case study focusing on the analysis of two Indian leather puppets made
in the 1970s. The spectroscopic analysis by reflectance spectroscopy and surface enhanced
Raman spectroscopy (SERS) led to the identification of malachite green dye, crystal/methyl
violet, rhodamine B and eosin Y, although some azo dyes and some complex mixtures
were also present but difficult to disclose using only a spectroscopic approach. In fact,
organic dyes often have complex molecular compositions that require the integration of a
chromatographic approach, in order to separate the molecular components and accurately
identify the dye source(s). Doherty et al. address this point in their contribution [13].
Following the recent structural elucidation of urolithin C, one of the main degradation
products of the brazilwood dye [14], this article describes the suitability of SERS to identify
this molecular marker in a variety of textile samples. The correlation of the data obtained by
SERS with those obtained by high performance liquid chromatography (HPLC) with both
a diode array detector (DAD) and a mass spectrometry detector (MS) enabled the results to
be confirmed. Additionally, other dyes were identified in some of the samples, highlighting
the possibility to detect brazilwood by SERS even in the presence of other dyes.

Weld, another well-known natural dye, is the focus of the contribution by Veneno
et al. [15]. The authors made reconstructions of five 19th-century recipes of weld lake
pigments discovered in the Windsor & Newton archive database, and then characterised
them by FTIR and HPLC-DAD. The article discusses the steps necessary for the commercial
preparation of the pigments, provides new information on FTIR bands specific for the
identification of weld lake pigments, and shows the effects of the different matrices deriving
from the different manufacture of the pigments.

Finally, specific attention to dyed textiles is given in the contributions by Campos
Ayala et al. [16] and Łucejko et al. [17]. In their article, Campos Ayala et al. address the
characterisation of the dyes used to produce primary (red, blue, and yellow) and secondary
(purple, orange, and green) colours in Peruvian textiles spanning five major civilizations:
the Paracas Necropolis, the Nazca, the Wari, the Chancay, and the Lambayeque [16]. With
the intention to validate the use of ambient ionisation MS techniques, such as direct analysis
in real time (DART-MS) and paper spray MS, the authors report on the results obtained
from both reference samples and archaeological textiles, thus providing the reader with an
important database. Comparative results obtained by HPLC-DAD integrate the results and
support the conclusions. The article clearly shows the variety of dye sources available in
the Andean region and the difficulties in identifying yellow dyes, once again underlining
the complexity of conducting this type of research, as the biodiversity of the natural world
becomes a challenge in itself. From South America to Northern Europe, the contribution
by Łucejko et al. addresses the investigation of textile fragments, including rare silk
embroideries, from the Viking Gokstad ship grave in Norway, dating to ca. 900 AD [17].
The severe fading of the colours made the analytical work challenging, but thanks to the
application of HPLC-MS/MS, molecular markers for the presence of madder (probably
from Rubia tinctorum) were detected in most samples. Additionally, hypotheses are made
about the possible use of different dye recipes to obtain different colour shades (from
yellowish to red) using only madder as dye source.
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The overview provided by this selection of articles shows only a small fraction of
the potential of colour analysis in heritage science. Analytical challenges related to the
growing need for non-invasive analyses are further driving technological developments in
this research field. However, obtaining accurate molecular information from samples is
sometimes the only way to provide the desired answers. Through scientific analysis, our
knowledge of pigments and dyes, as well as their degradation, grows year on year. As a
result, researchers are offered new tools to address their questions in a stimulating and
cross-disciplinary environment.

I hope that this collection of articles will inspire future research on pigments and
dyes to go towards the direction of not just looking at colour in terms of wavelengths,
electronic transitions, chemical components or molecular interactions, but to focus more
on the artists and craftsmen who made and used colours both in ancient and more recent
times. Switching the point of view from the colours themselves to the hands and minds
that produced them, processed them, experimented with them, and applied them has
the potential to unlock new answers, and certainly new questions, on this fascinating
research topic.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The production and use of the pigment extracted from the murex molluscs is discussed
here in association with the purple textile dyeing industry in the Prehistoric Aegean. “True” purple
has been identified in a number of archaeological finds dating from the early Late Bronze Age, found
in old and recent excavations at three different but contemporary sites: Akrotiri and Raos on Thera,
and Trianda on Rhodes. The chemical composition of the shellfish purple pigment either found
in lump form or applied on wall paintings is discussed in relation to the archaeological context of
several examined finds and with reference to Pliny’s purpurissum. The results of a comprehensive
methodology combining new data obtained with molecular spectroscopies (microRaman and FTIR)
and already reported data obtained with high performance liquid chromatography coupled with a
diode array detector (HPLC–DAD) applied to samples of the murex purple finds are discussed in
comparison to published data relating to few other instances of analytically proven murex purple
pigment found in the Aegean over the timespan of its documented exploitation.

Keywords: Late Cycladic I; brominated indigoids; Muricidae; murex; purpurissum; true purple;
microRaman; FTIR; HPLC–DAD

1. Introduction

The exploitation of molluscs providing the fabulous purple dye (in Greek, porphyra =
πoρφύρα) in the Prehistoric Aegean, as evidenced by archaeological research, illuminates
many aspects of the societies that developed it and bequeathed it to subsequent civilizations.
The production at a commercial scale of “true purple” dye, obtained from the secretions of
shellfish species native to the Mediterranean Sea, had a significant social and economic
impact in the Aegean Bronze Age. Dyeing seems to have been an integral part of the
production and distribution of textiles, whereas the extraction and the application process
of the purple dye, demanding exceptional skills and much know-how, was presumably
a preserved secret among the guild of specialized experts. The impact of the murex dye
industry in the ancient Mediterranean societies was related to the value of dyed garments
and colored textiles in general as symbols of social status and power, with the shellfish
purple dye representing an added value and denoting the highest societal rank in many
cultures around the Mediterranean basin during the Bronze Age and far later on [1,2].

Although the earliest record for the purple dye comes from inscriptions on the Myce-
naean Linear B clay tablets dating to the 13th century BC, where the term “royal purple”

Heritage 2021, 4, 171–187. https://doi.org/10.3390/heritage4010010 https://www.mdpi.com/journal/heritage

7



Heritage 2021, 4

(Knossos X 976) was probably mentioned for the first time [3], important shell deposits
of gastropods of the Muricidae family have been studied and confidently attributed to
a non-dietary use of molluscs far earlier. Heavily fragmented shell debris in a primary
production context or concentrations of crushed murex in a secondary use context are
considered evidence of purple dye production activity at many Aegean sites, dating mainly
from the Middle and Late Minoan periods, and in certain cases from the Early Minoan
period [4]. The early archaeological evidence of the purple industry around the Mediter-
ranean Basin is significant in both the Aegean and the Levantine littoral [4–9]. The question
of whether the secret of the purple dyeing process and its exceptional properties was first
discovered in the Aegean or the Levant has yet to be resolved, but given the established
trading relations between the Aegean and the eastern Mediterranean coasts in the middle
of the second millennium BC, it is reasonable to suggest that the process of extracting a
commercial dye from murex species may have been practiced contemporaneously in many
of the important Eastern Mediterranean centers, where familiarity with marine molluscs is
evidenced by the shell middens, as well as by shells found in second uses (mortar, etc.) [10].

The chances of finding the proper product of the purple dyeing industry, a purple-
dyed textile, decrease geometrically as we go back in time. However, residues of dyed
textile, in which mollusc purple is identified, date back to the Late Bronze Age. In present
evidence, the earliest cases belong to archaeological sites in Syria. Purple-dyed textile
fragments were found first in a royal tomb complex in the Bronze Age palace of ancient
Qatna, Tell Mishrife, Syria, discovered during excavations in 2002 [11]. It is estimated that
the tomb was used for 300–400 years for the burial of kings, prior to the destruction of the
palace by the invading Hittites in 1340 BC, a date that is extremely early given the fragility
of the fiber substrate. Brominated and non-brominated indigoid compounds of a similar
composition were identified in purple-colored extracts both from fragments of woven
fabrics and samples in brown-stained areas of the layer of sediment covering the tomb
floor, from which it was concluded that the colorants present in the sediment extracts were
residues of the purple used to dye the royal fabrics [12]. Then, in a more recent excavation,
shellfish purple-dyed textile residues dating to the 18th–16th century BC were identified
in Chagar Bazar [13]. This earliest direct evidence of purple-dyed textiles confirm the
early dating of the purple-dyeing industries at the coastal Levantine sites in Syria (Minet
el-Beidha/Ras Shamra) and in Lebanon (Sarepta), so far documented only through the
studied heaps of murex, as well as the identified purple substances on shreds of jar-type
vessels with purple sediment in their interiors [7,10,14–17].

Another direct piece of evidence for the shellfish-purple dyeing industry raised from
an excavated complex alluding to a dyeing installation is provided by containers that
preserve purple traces, analytically proven to contain indigoid compounds [1,18]. One of
the earliest instances of such purple-stained vessels with crushed shells, which dates back
to the Middle Minoan period, MM IIB, was found at the site of Pefka, near Pacheia Ammos,
on Crete [19,20].

A third, equally strong direct piece of evidence for purple production is the identi-
fication of the pigment prepared for use in painting; we are referring to the purpurissum,
according to Pliny the Elder and his vat-dyeing recipe [21]. The murex purple dyestuff in
the form of pigment with a calcium carbonate base and its application in painting was first
identified and fully characterized in the context of the Xeste 3 wall paintings at Akrotiri on
Thera [22–24], referring in fact to Pliny’s vat-dyeing recipe for purpurissum.

Over the past 30 years, deep insights have been given into the production of murex
purple, its coloring and medicinal properties, and the technology of its application, as a
result of research findings in various disciplines [17,25–30]. The recent literature on the
investigation of the chemical composition of purple, either dye or pigment, identified in
archeological contexts, as well as on the factors that may affect and differentiate the color
at all stages of production and the dyeing process, is extensive and yet far from being
exhaustive [31,32].
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This paper comparatively examines the results of the analysis of samples from three
archaeological finds of the purple pigment in lump form, coming from the excavations
of Akrotiri on Thera and Trianda on Rhodes, as well as of a representative sample from
a purple paint detail on a wall painting at the recently excavated (2009–2012) Raos site,
Thera, in which the valuable pigment was used. The chemical composition of the purple
pigments and paints dating from the early Late Bronze Age (~17th century BC or earlier),
identified at the three contemporary Aegean sites (Akrotiri and Raos on Thera, and Trianda
on Rhodes), is discussed with reference to the archaeological context of the unique finds.
Among the finds discussed, we included the lump of purple pigment found in Akrotiri,
Complex D, room 12 (AKR-10891), which was the starting point and the motivation for the
development of a comprehensive methodology that allows us today not only to recognize
the nature the organic colorant but also to determine its exact composition in chromophores,
as well as to identify the inorganic material base that makes it a pigment for painting on
different substrates. Therefore, the methodology that has been progressively developed
over the last 20 years and applied case-by-case to finds that came to light at different times
is applied here in order to discuss the results for a set of samples that makes sense to study
comparatively. New spectroscopic results, through microRaman and FTIR techniques
applied on the investigated purple pigments and a purple wall painting detail, follow
through previous data obtained on other true purple samples [23,24]. The spectroscopic
data are combined with previously reported chromatographic studies of samples taken
from the same archaeological finds to achieve their complete characterization [30]. The
data collected with high performance liquid chromatography coupled with a diode array
detector (HPLC–DAD) are presented here in detail and are interpreted, along with the
spectroscopic results, with a fresh view from an interdisciplinary angle on the basis of new
findings, allowing better understanding and interpretation of the results relating to their
different excavation context as they come from different proper archaeological sites, which
are, however, contemporary and belong to the same geopolitical context of the Late Bronze
Age I in the Aegean.

2. Materials and Methods

2.1. The Archaeological Samples under Investigation
2.1.1. Samples Taken from Three Finds of Purple Pigment Excavated in Lump Form

• AKR-10891: A sample from a lump of purple pigment found in the Late Cycladic
I/Late Minoan IA city at Akrotiri, Thera, in Complex D, room 12. A first non-invasive
investigation of this pigment with X-ray fluorescence spectrometry was reported
in [33]. A microsample taken from the same find with inv. no. 10891 was investigated
in the past using microRaman, FTIR, and HPLC techniques and compared with
samples taken from purple paint details in the wall paintings of Xeste 3, belonging to
the iconographic ensemble of the “Saffron Gatherers” and the “Procession of Women
with Bouquets” [22–24]. The new sample was analyzed again in the present study and
compared with the rest of the samples, and the microRaman and FTIR spectroscopic
data are presented here for the first time.

• AKR-10882: A sample from a very small quantity of purple pigment found in the new
pillar shaft 53A, during the excavations conducted in the course of construction of the
new shelter of the archaeological site at Akrotiri.

• TRI-PR 13: A sample from a quantity of purple pigment found in the excavation
conducted in the Paraskeva plot, in the southwest sector of the Late Bronze Age
settlement at Trianda (Ialysos), east of the Trianda stream and the modern street
above it.

2.1.2. Microsample Taken from the Wall Painting Excavated at Raos, Thera

• RAOS-KAL1. A microsample taken from a rosette purple detail on a wall-painting
fragment from the excavated site of Raos, Thera. The site of Raos is located on the
south side of the caldera, with an excellent view of the Kamenes islets, Therasia, and
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north Thera. A tiny portion of the sample was embedded in epoxy resin (Struers
CaldoFix-2) and prepared in a polished cross-section to be studied with microRaman
spectroscopy. The rest of the sample was used for HPLC analysis, first reported in [30]
and interpreted comparatively in this work, along with the microRaman spectroscopic
results, presented here for the first time.

2.2. MicroRaman Spectroscopy Experimental Details

Analyses focusing, under microscope, on the purple particles were made with a
Horiba Jobin-Yvon HR800 dispersive Raman spectrometer equipped with Edge filters and
using the 458 nm excitation wavelength of an air-cooled (Melles Griot) Ar+ laser. Laser
power at the sample was settled on 100 μW in order to preserve the sample integrity.
Sample visualization and Raman scattering collection were performed through a reverse
microscope notably equipped with a 100× objective, which allows a spatial resolution
close to 1 μm (Note: In the ideal case the spot is ~0.5 μm—the diffraction limit). The
600 groves/mm grating used gives a spectral resolution of about 3 cm−1 for the signal
recorded with an air-cooled CCD detector. The spectra presented were baseline corrected
to remove the intense fluorescence contribution exhibited by the measured materials.

2.3. FTIR Spectroscopy Experimental Details

A Biorad FTS 175 system was employed for the acquisition of the FTIR spectra covering
the wavenumber range of 4000–400 cm−1. A few particles (~1 mg) from each of the raw
pigment samples were set aside and mixed with anhydrous KBr and then pressed into
pellets. The spectra were collected in transmission mode and converted to absorbance
mode with a spectral resolution of 4 cm−1 representing an average of 64 scans.

2.4. HPLC–DAD Experimental Details

Samples were treated with hot dimethyl sulfoxide (DMSO) to extract and solubilize
the colorants [30]. The HPLC-DAD system (Thermoquest, Manchester, UK) consisted of
a 4000 quaternary HPLC pump, a SCM 3000 vacuum degasser, an AS3000 auto sampler
with column oven, a Rheodyne 7725i Injector with 20 μL sample loop, and a Diode Array
Detector UV 6000LP. The HPLC was operated using (A) water + 0.1% (v/v) trifluoroacetic
acid and (B) acetonitrile + 0.1% (v/v) trifluoroacetic acid [30]. Separation was achieved
with an Altima C18 (Alltech Associates Inc., Chicago, IL, USA) column (5 μm particle
size, 250 mm × 3.0 mm) at a stable temperature of 35 ◦C using the following gradient
elution [30]: 0–0.5 min: 50% B isocratic; 0.5–12 min: linear gradient to 60% B; 12–12.5 min
60% B isocratic; 12.5–14 min linear gradient to 70% B; 14–17 min linear gradient to 85% B;
17–18 min 85% B isocratic; and 18–21 min linear gradient to 100% B. The amounts of the
analyzed samples were in the order of 0.5 mg.

3. The Archaeological Context of the Finds under Investigation

3.1. The Purple Pigment Finds from Akrotiri, Thera

Two lumps of purple pigment, found free of any support or container in rooms of
different buildings in the city, were identified as having a similar physical appearance.

The first lump (inv. no. 10891), with a volume of about 20 cm3, was found in (Building
Complex Delta, Romford, UK) room 12. We assume that the color was stored not in powder
form after any treatment such as grinding, but rather in raw form, as a cohesive mass,
because following its excavation and storage in a glass container for over 30 years it was
still cohesive. The quantity, form, and context indicate that it was not an accidental find in
the field.

We do not know if it was kept in a vessel or other container of perishable material
(bag from plant fibers, basket, etc.). A triton shell was found next to the lump of purple.
Particularly interesting is the fact that from the same place came a large amount of yellow
ochre, which weighed about 8 kg and was probably stored in a large pithos [34]. The pithos
was found lying next to the triton and the purple pigment. The presence in the same room
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of two lumps of pigments—the purple, which is valuable and rare, and the ochre, which is
common but here in such great quantity—is extremely important. The pigments were kept
there, probably to be distributed subsequently to artists and artisans.

The dimensions of the second purple find (inv. no. 10882) were comparably smaller
(Figure 1). It was found in a closed area during the excavation of pillar shaft 53a for the
new shelter of the excavation site. Pillar shaft 53a is located to the west of Xeste 3. The
lump of pigment was very small and could have been an accidental find derived from
the destruction layer. However, the finding in the same place of a clay vase containing
dissolved masses of impure red ochre suggests that perhaps the purple pigment was kept
there intentionally.

Figure 1. Photographs of the three purple pigment finds AKR-10891, AKR-10882, and TRI-PR13. (The photograph of
pigment inv. no 10891 is of the part exhibited in the Museum of Prehistoric Thera, Thera, Greece).

3.2. The Purple Pigment Find from Trianda, Rhodes

A mass of purple pigment (TRI-PR13) was found at a depth of 3.40 m below the
present surface in a layer of debris discarded in the northeast open space outside the
monumental building located north of an E–W street crossing the southern zone of the
prosperous Late Bronze Age IA city at Trianda [35]. The building (partially revealed in max.
dimensions: 16.10 × 13.80 m) is a Xeste (of ashlar masonry), similar to the Xestai at Akrotiri,
Thera [35,36]. The pigment was recovered from the earth filling of the debris bordering the
west facade of the Xeste, partly covered with tephra from the Thera eruption. It was found
just beneath a small fresco fragment (APX 2098) [37] depicting an elaborate black running
spiral on a shiny whitish surface, among other fragmentary monochrome, polished dark
grey, reddish, orange, or whitish frescoes; pieces of round tripod offering tables made of
lime plaster; a reddish schist slab; and fragments of conical or some semiglobular cups
and painted Late Bronze Age IA pottery, as well as animal teeth and bones. The pigment
had the appearance of a cohesive dry mass, most probably once kept in a container of
perishable material (see Figure 1).

The context comprised a secondary deposition of several materials fallen among
the pre-eruption earthquake ruins, which were moved to outside the ruined building in
order to clean it and prepare for its reconstruction. Similar contexts appear very often in
the Late Bronze Age IA layers, mostly outside buildings, and they are indicative of the
intensive cleaning activities of the earthquake ruins at Trianda before the tephra fall [36]
(pp. 84–85), [38] (pp. 31–32), [39] (pp. 103–104, 107, 109). The excavation in the Paraskeva
plot yielded abundant evidence of such intensive activities, since the exterior areas of the
Xeste north of the E–W street was covered almost entirely with such secondary depositions
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containing many important materials [36] (pp. 83–85) and provided strong contextual
evidence for the explanation of several aspects of the settlement and the activities of
the people.

3.3. Purple Paint Details on a Wall Painting Excavated at Raos, Thera

The excavations at Raos brought to light a significant Late Cycladic I/Late Minoan
IA complex atop a long crest consisting of a building surrounded by a spacious courtyard
bounded by a robust stone-built enclosure wall [40–42]. Despite the poor state of preser-
vation by Theran standards, the evidence shows that the Raos “villa“ would have been
quite impressive, with an upper story, high-quality wall paintings, and rather luxurious
household equipment. It was situated on the outskirts of the Late Cycladic I/Late Minoan
IA city at Akrotiri, less than 1 km from its northwest limit, on the natural land route leading
from the coast to the hinterland of the Akrotiri Peninsula, where there are extensive tracts
of arable land.

The fresco fragment from which the sample was taken derived from the north part
of the southeast wing of the Raos residential building. It belonged to a heap of fresco
fragments recovered on the floor of the ground floor. The heap covered an area of approxi-
mately 2 m2. Most of the fresco fragments were found on entire or broken mud bricks and
must have come from a collapsed mud-brick wall.

Near the heap of fresco fragments, two dressed tuff bases of a pier-and-door partition
were found in situ. The evidence shows that a pier-and-door partition provided access to
the southeast wing via a paved corridor at the heart of the building. Almost no moveable
finds, neither in situ nor fallen from an upper story, were excavated in the north part
of the southeast wing, i.e., in the space where the wall paintings were found. The exact
plan and arrangement of the wing is difficult to grasp because of its almost complete
destruction. However, both the particular architectural features (pier-and-door partition,
frescoed mud-brick wall) and the absence of moveable finds indicate that this area was
possibly used for rituals or formal receptions.

All the fresco fragments belonged to one composition, which we called the “Wall
Painting with the Rosettes and Lilies.” This is tripartite in structure. An upper narrow
frieze of polychrome rosettes, some of which have purple petals, crowns a wide middle
zone (Figure 2). In this main zone, pendent red triangular surfaces alternate with upright
triangles, covered with scattered red lily flowers on a white ground. A lower zone of
oblong panels embellished with colored wavy bands imitates a polychrome veined marble
dado [41] (pp. 212–213), [42] (pp. 137–139).

Figure 2. (a) Photograph of the wall-painting detail from Raos, with an indication of the sampling site
on the purple petal of the rosette and (b) microphotograph of the cross-section of sample RAOS-KAL1.
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4. Analytical Results and Discussion

4.1. Identification of the Brominated Indigoid Chromophores in the Purple Pigment

microRaman spectra were acquired in all the examined archaeological purple samples,
on grains set aside from the three finds of purple pigment lumps (AKR-10882, AKR-10891,
and TRI-PR13) and on the microsample from the purple paint detail in the Raos wall
painting (RAOS-KAL1) prepared in a polished section, shown in Figure 2. The spectra
are presented comparatively in (Figure 3); they present a perfect match of their peaks
in both position and relative intensity for most of the characteristic vibrational bands of
6,6′-dibromoindigotin (DBI), the main chromophore compound of murex purple. For
comparison, the spectrum taken from a reference 6,6′-DBI substance, synthesized according
to previously described methods [43], is given in the same graph.

Figure 3. MicroRaman spectra acquired on samples from the purple pigment finds from Akrotiri and
Trianda, (AKR-10882, AKR-10891, and TRI-PR13), as well as from the purple paint detail on the wall
painting from Raos (RAOS-KAL1). The spectral signature of 6,6′-DBI is displayed in all the spectra
acquired on the archaeological samples, shown in comparison with the spectrum taken on a synthetic
6,6′-DBI substance, [43].

The band positions and assignments to the vibrational modes for the 6,6′-DBI, the main
chromophore compound of Tyrian purple, were previously published in comparison with
indigo and its corresponding dihalogenated species 6,6′-DXI (where X: I, Br, F, Cl) [44]. A
closer look at the spectra of the indigo and the dihalogenated indigoids, comparatively, allows
for many similarities to be noticed, which is to be expected given that the majority of the
detectable Raman bands are attributed to the indigoid structure. However, the exact position
and the relative intensities of the major bands are proper to each halogenated indigoid
compound, as the different halogeno-substituents induce differential changes (wavelength
shift or relative intensity variance) in the characteristic vibrations that are in common, which
makes the Raman spectrum a fingerprint for its identification. The specificity of each Raman
spectrum extends even to differentiate two DBI positional isomers, as demonstrated in a
recent paper comparing 5,5′-DBI to 6,6′-DBI and showing that the position of the bromine
substituents affects many of the key bands of DBI and especially the wavelength position
and the relative intensity of the band assigned to the ν(CBr) stretching vibration [45]. The
6,6′-DBI in particular presents the Raman bands corresponding to the benzene ring quadrant
stretching vibrations ν(C=C) at ~1581 (s) cm−1 and ~1625 (ms) cm−1, the band assigned to
the carbonyl stretching ν(C=O) at ~1700 (m) cm−1, the band corresponding to the bending
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δ(NH), δ(CH) modes at ~1445 (m) cm−1 and ~1360 (m) cm−1, the stretching ν(C–N) modes
at ~1300 (m) cm−1, and a strong band at ~1250 (s) cm−1 corresponding to δ(CH), δ(C=O)
bending modes. In addition, the band proper to the brominated indigoid compounds,
corresponding to the stretching modes of the Br-C bonds, which for the 6,6′-DBI are at the
symmetrical positions 6,6′, is strongly resolved at ~305 (s) cm−1.

The identification of the 6,6′-DBI in the purple pigment through a well-resolved
microRaman spectrum answers, satisfactorily in most cases, the primary archaeological
question: the recognition of the murex identity of the dye, which automatically ascertains
its added value. However, with Raman analysis, it is unlikely to detect any other than the
DBI chromophore compound possibly present in the dye.

With the HPLC–DAD analysis, a more accurate determination of all chromophores
present in the samples was possible. Three major peaks were detected in the HPLC profiles
(Figure 4), which correspond to 6-bromoindigotin (MBI), 6,6′-dibromoindigotin (DBI), and
6,6′-dibromoindirubin (DBIR). Moreover, indigotin (IND), 6′-bromoindirubin (MBIR) and
6-bromoindirubin (MBIR) were detected in the chromatograms but corresponded to very
small HPLC peaks, as illustrated in Figure 4 in the chromatogram of sample AKR-10882
shown in higher detail. Finally, indirubin (IR), which is usually found in molluscan extracts
in small amounts [46–48], was not detected in any of the examined archaeological samples.

Figure 4. Chromatograms that were collected at 288 nm for the archaeological samples. The major
HPLC peaks correspond to MBI, DBI and DBIR. Much smaller peaks were recorded for IND, 6’MBIR
and 6MBIR as revealed for instance in the chromatogram of sample AKR-10882, shown in higher de-
tail. The graphs for the samples AKR-10891 and AKR-10882 were adapted from [30] (with permission
from Elsevier) and [32], respectively.
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The aforementioned observations, which are visualized in the HPLC chromatograms,
are clearly stated in the relative (%) values estimated from the integrated HPLC peak areas,
as given in Table 1. The measurements were carried out using a monitoring wavelength of
288 nm [30]. Apparently, the given numbers are not the actual mass compositions of the
samples. Based on the findings of a previous study it was to be expected that the % of DBI
and IND reported in Table 1 would be an underestimation and overestimation, respectively,
of the actual relative mass concentrations of the two compounds [48]. However, the semi-
quantitative results, which are summarized in the table, are a good approximation of the
actual concentrations and a very useful approach to compare the samples.

Table 1. Relative (%) integrated HPLC peak areas measured at 288 nm. The results are provided
separately for the major HPLC peaks (MBI, DBI and DBIR) and as a sum for the minor HPLC peaks.

Sample MBI DBI DBIR IND + 6’MBIR + 6MBIR

AKR-10891 20.0 71.5 7.0 1.5
AKR-10882 26.9 65.5 3.8 3.8
TRI-PR13 24.2 65.9 6.9 3.1

RAOS-KAL1 15.5 77.3 5.6 1.6

The chromatographic analysis in Figure 4 and Table 1 confirmed the identification
of molluscan purple in the four archaeological samples and revealed that the purple
pigments and paints have similar compositions. DBI is the dominant compound in the
four chromatograms of Figure 4, followed by MBI and DBIR. In the case it was detected,
IND corresponded to an extremely small peak. These results suggest that, based on the
identified composition of indigoid chromophores, the Late Cycladic purple pigment should
have had a pure purple hue, with balanced proportions of red and blue components if
not with a tendency to reddish purple. The actual color of the investigated samples, as
appeared to the naked eye (see Figures 1 and 2a) and under microscope (see Figure 2b
and Figure 6), as well as the measurements with VIS spectroscopy in the find (inv. no.
10891) [23], confirmed the HPLC-based assumption: There was no predominant bluish tint,
which is often observed in molluscan pigments rich in blue IND [49].

As reported in previous published works, in the Mediterranean, there are three
mollusc species that were used for dyeing and painting in antiquity: Hexaplex trunculus L.
(Murex trunculus), Bolinus brandaris L. (Murex brandaris), and Stramonita haemastoma (Thais
haemastoma). Studies on the significant amounts of shells found in several settlements on
Crete (Palaikastro, Kouphonisi [5,50,51], Kommos [52], Chryssi, Pefka [53,54]), Kythera,
Thera, Greece) and other insular and continental sites in Greece, as well as on the Eastern
Mediterranean coasts, all agree on the almost exclusive majority of M. trunculus, with
the exception of the Kythera case (a small settlement near Kastri), where M. brandaris
is attested to be in abundance [55], whereas the incidence of T. haemastoma is always
significantly lower.

The extraction of the Bronze Age Aegean purple principally from the M. trunculus
as suggested by the archaeomalacological investigations is here supported by the HPLC
findings with reference to related chemical studies [30]. These results about the biological
source of the purple, although indicating the foremost exploitation of M. trunculus in
purple dyeing, do not exclude the scenario of the addition of a regulated proportion of raw
material from the M. brandaris species in order to obtain a unique, warmer shade of the
expensive color.

4.2. Characterization of the Inorganic Substrate and Discussion of the Preparation Method of the
Pigment as a Branch in the Operating Chain of the Purple Dyeing Industry

In the microRaman spectra, Figure 3, the characteristic vibrational band at 1085 cm−1

evidenced the presence of calcium carbonate in the composition of all the examined purple
samples, either those from the pigment lumps (AKR-10891, AKR-10882, and TRI-PR 13)
or the sample from the Raos wall paintings (RAOS-KAL1). This band, assigned to the ν1
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symmetric stretching of CO3
2- in the calcium carbonate molecule, is rather similar for the

two calcium carbonate allotropes (~1086.2 cm−1 for pure calcite and 1085.3 cm−1 for pure
aragonite) [56]. This slight difference is smaller than the instrument’s spectral resolution
(~3 cm−1) and therefore could not be used for the distinction of the two polymorphs in the
archaeological samples. Given that the resolved band at 152 cm−1 (Figure 3) assigned to
lattice vibrational mode is also common for calcite and aragonite, it is customary to focus on
other additional, though weak, vibrational bands for the identification of the two allotropes.
The most characteristic differences in the Raman spectra of calcite and aragonite are (a) the
relative integrated intensities (with respect to the ν1 band) of the bands at ~283.6 cm−1

for aragonite and ~281.2 cm−1 for calcite (for aragonite the integrated intensity of this
band is at least 20 times weaker than the corresponding one of calcite, for which it is the
second strongest peak in the spectrum) and (b) a band at 214.7 cm−1 in the aragonite
Raman spectrum, which is specific and may as well be used for its identification [56]. If the
1085 cm−1 band in the spectra shown in Figure 3 was assigned to calcite, a corresponding
band at ~280 cm−1 (characteristic also for calcite) should have been resolved in the Raman
spectra, which was not the case. The latter indirectly suggests aragonite as the calcium
carbonate allotrope identified here. Additionally, a weak band resolved at ~210 cm−1,
whose intensity increased proportionately to the respective one of 1085 cm−1, agreed with
the aforementioned suggestion.

Complementary data were collected with the corresponding FTIR spectra acquired
from a few particles of each of the investigated samples. It should be mentioned that
the FTIR spectra refer to a higher amount of sample, and thus are more representative
of the bulk pigment than the Raman spectra acquired on single particles focused under
the 100× objective of the Raman microscope, which allows a spatial resolution close to
1 μm. In the FTIR spectra shown in Figure 5a, it is possible to identify with certainty both
aragonite and calcite in the inorganic substrate of the pigment based on the bands that
are specific to one of the calcium carbonate polymorphs. In the case of the samples taken
from wall-painting details, calcite may have derived also from the lime-based ground
or may refer to chalk white as a pigment in the painting. However, the identification of
both calcium carbonate allotropes and aragonite in particular in the purple pigment found
in lump form puts in evidence the marine origin of the calcium carbonate substrate of
the organic pigment. In the FTIR spectra, the well-resolved bands at 1475, 1081, 860, 711,
and 700 cm−1 perfectly reproduce the respective characteristic bands of pure aragonite.
Among the IR absorption bands of the carbonate ion, the split peaks at 711 and 700 cm−1

(ν4 mode) and the peak at 1081 cm−1 (ν1 mode) are specific to the aragonite structure
whereas the peak assigned to the ν2 mode appears with a difference of ~15 cm−1 for the
two polymorphs, namely, at 860 cm−1 for aragonite versus 875 cm−1 for calcite [57,58].
Additionally, the stronger and broad absorption band assigned to the ν3 mode, presenting
a significant shift for calcite (at 1421 cm−1) compared to aragonite (at 1475 cm−1), further
confirmed the presence of both calcium carbonate polymorphs in the composition of the
purple pigments. For the identification of the DBI compound, only the two main bands at
1635 and 1612 cm−1 were barely resolved on the slope of the main broad carbonate band,
Figure 5b, [26,43,45].

Examining a sample of the purple pigment from Trianda (TRI-PR13) under microscope,
it was possible to observe the aragonite crystals with the characteristic needle-shaped form
and clear appearance, as shown in Figure 6 [58,59]. In agreement with the presented FTIR
data, in an older study of the purple lump (AKR-10891) with X-ray diffraction analysis [60],
magnesium-rich calcite was also identified, which together with aragonite strengthened
the assumption that the inorganic base of the pigment was possibly obtained from crushed
and ground shells. The “recycling” of shells, of any species, either food residues or debris
of purple production (Muricidae family), was a well-known practice not only for obtaining
the base of the purple pigment but also for their use as coarse aggregate in the floor mortars
or as raw material for the production of lime.
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Figure 5. (a) FTIR spectra acquired in transmission mode on KBr pellets of samples from the purple
pigments (AKR-10882, AKR-10891, and TRI-PR13) found free of any support. Both aragonite and
calcite are identified in the inorganic substrate of the pigment. (b) Zoom in on FTIR Scheme 13. The
major characteristic vibrational bands of the 6, 6′-DBI compound, namely, at 1635, 1612, 1313, and
1157 cm−1, are barely resolved on the slopes of the main broad carbonate band.

Figure 6. Microphotographs in different magnifications (original magnification 200×, 500×) of the purple pigment TRI-PR13
from Trianda in white light. The transparent longitudinal crystals of aragonite are evident in the purple matrix in the higher
magnification, in particular.

The composition of the purple pigment consisting of a calcium carbonate substrate to
which the purple dye was adsorbed, possibly by immersion in the alkaline juice as described
by Pliny the Elder [21] in the procedure for preparing the pigment purpurissum, attests
to its preparation in a vat, rendering improbable the application of a direct “primitive”
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technique. These data allow the establishment of vat-dyeing know-how to be traced at
least back to the Late Bronze Age in the Aegean [23,61,62].

Reviewing the published results of analyses of shellfish purple pigment found in
different archaeological contexts over time, in different applications and substrates, it
appears that the inorganic base of the pigment can vary [32]. The choice of the inorganic
base may have been related not only to the availability of the raw material but may also
have been dictated by the substrate to which it was applied. For the wall paintings, the
calcitic basis of the purple presents a perfect affinity with the lime-based ground and
the calcium white used in a mixture with the rest of the pigments for rendering the light
colors. An interesting alternative instance of shellfish purple was identified in the paint
decoration of a funerary kliné, in Daskyleion (5th century BCE), with kaolinite being the
main constituent of the inorganic base of the organic pigment, applied in that case on a
white ground made of gypsum [63]. In the same paper, the HPLC data acquired from
samples extracted from the purple paint detail on the kliné were discussed in comparison
with the data acquired from an extract from a purple dyed-textile find, found within the
same tomb. The perfect match of the HPLC profiles of the two extracts, from the purple
pigment and the purple-dyed textile in the same context, constitutes a strong analytical
demonstration of the argument suggesting the production of the purple pigment was
integrant to the purple dyeing industry of textiles, according to Pliny’s text.

Moving even further onward in time, and referring to a shellfish purple pigment
identified in the paint decoration of Hellenistic terracotta figurines excavated from a rock-
cut tomb in Chania, Crete (ca. 300 BC) [64], another white earth, huntite was identified
in association with the purple pigment. Although in that case huntite was not directly
attributed to the inorganic base of the purple pigment, this should be considered as a
possibility. Interestingly, in a more recent investigation [65], huntite was also identified
in association with the molluscan purple color revealed among bones and fragments
of unidentified materials preserved in a gold larnax of the chamber of Tomb II, in the
Macedonian royal tomb complex at Aegeae discovered by Prof. M. Andronikos. These
data provide evidence for a wider range of white earth that apparently was known to be
appropriate for use in the purple dyeing/pigment preparation operating chain.

4.3. Indirect Evidence for a Purple Dyeing Industry in the Aegean Sites of Thera and Rhodes

Although there is strong evidence for relating the purple color in the Theran and
Rhodian contexts, with the Late Bronze Age industry of purple dyeing, there are no
conclusive data for the location of the dyeing workshops, since there is not yet evidence of
such installations in the excavated parts of the settlements. Instead, we present here only a
number of strong arguments that support their possible existence outside the excavated
sections, which correspond to residential areas.

The significant quantities of seashells found, most of them fragmented, in different
buildings and streets at Akrotiri [66], corresponding to the stratigraphic and chronolog-
ical sequence of the Late Cycladic I period, are considered food refuse, as the proba-
bility that dyeing installations existed near an inhabited area is highly unlikely. The
largely attested second use of the shells in many instances as construction material for
the floors of many rooms (Xeste 3, Pithoi Storeroom A2, B6 inter al.) [67] (pp. 195–196),
(Figure 6), [68] (p. 124), as well as in mortar, as a filler in pottery production, etc., could
more likely be associated with systematic recycling of waste products from the purple
industry, with organized food scrap collection being less likely [66,69] (Figure 4), [70] (pp.
43, 44), (Figures 5 and 6), [5,71,72]. In another context, the evidence for the second use of
murex shells, without indication of whether they are remains of foodstuffs or dyes, either
in the production of lime plaster or in pieces visible on plastered surfaces probably to
strengthen floor beddings, is discussed extensively in [73].

However, the murex finds (mostly M. trunculus), in fact crushed, whether food debris
or used as construction material or as a filler in pottery production, etc., dating to the Late
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Cycladic I/Late Minoan IA period, are proof of familiarity with the molluscs, implying the
existence of a murex purple-dye industry at Akrotiri [5,72,74].

The lumps of mollusc purple found at Akrotiri together with lumps of other pigments
in the same contexts could be intended for painting. The identification of mollusc purple
pigment on murals at Akrotiri [22,75] and Raos [42] suggests its most probable application
in monumental painting on Thera. The pigment was used selectively on the wall paintings.
It was applied on certain petals of the rosettes in the “Rosette and Lily” wall painting from
the Raos residential building. It was also used to render the petals of the crocus flowers, a
necklace, and many details of the richly adorned female garments, and snoods in the wall
paintings of the “Saffron Gatherers,” the “Procession of Women with Bouquets,” and the
“Adorants” from Xeste 3 at Akrotiri [22].

The use of purple in the women’s costumes implicitly refers to a possible second
(or probably first) application of the purple color on Thera, the dyeing of textiles. In
addition, textile production would have been quite a flourishing activity at the site, given
the numerous loom weights found there [76–79]. All this evidence from Thera, both
scientific (physical and chemical identification) and iconographic, reinforces the view that
there was murex purple dye production on the island.

Excavations conducted since 1984 in the prehistoric settlement at Trianda on Rhodes
have yielded evidence of a rather frequent use of M. trunculus in the settlement, not only
by their sporadic presence along with other finds associated with food consumption, but
also by the large quantities of crushed shells used either for reinforcing lime plaster or for
constructing a strong substrate for plastered pavements, as in the case of the polythyron
in the Markos plot [38]. On the other hand, many pigments, mostly red or pink and in
some cases blue or white, were found in lumps or in powder form inside vases, mainly
conical cups, or even without containers. Consequently, some of the above pigments might
had been used by the painters, itinerant or local, who created the amazing frescoes that
decorated the Late Bronze Age IA and even the earlier buildings at Trianda. Most recently,
many lumps of pink pigment and pigments of other colors were found in the Middle Bronze
Age levels of the settlement. Shiny red plasters decorated the houses of the settlement
during this early period [36]. A deposit of thousands of murex shells, found in an open area
close to a Middle Bronze Age polythyron, recently revealed during the excavation of the
Atsiknoudas plot [80], south of the main Late Bronze Age city, provided further evidence
of the early technologies and the activities of the society at Trianda, before the Minoan
expansion. Moreover, the presence of many loom weights in an area east/southeast of the
main settlement suggests large-scale textile production [36], which might be connected
with dyeing as well. However, the only purple production workshop excavated thus far on
the island of Rhodes is the Hellenistic installation found in the town of Rhodes, south of
the Hellenistic fortification wall [81].

5. Conclusions

Lumps of mollusc purple pigment of similar physical appearance have been excavated
at the Aegean sites of Akrotiri on Thera and Trianda on Rhodes dating from the Early
Late Cycladic period. The same pigment was identified in purple details of certain wall
paintings at Akrotiri and Raos, on Thera.

The chemical composition of the purple pigment was identified with molecular spec-
troscopies, microRaman and FTIR. It consisted of a calcium carbonate substrate to which
the shellfish purple dye was adsorbed, possibly by immersion into a dye bath. The calcium
carbonate substrate of the pigment, consisting mainly of aragonite and calcite, put in
evidence its shell origin and referred to the “recycling” of shells of any species. The HPLC
profiles collected from the archaeological samples were all similar, as they contained the
same indigoid compounds in a comparatively similar relative content. MBI, DBI, and DBIR
were recorded to be in the majority, whereas IND, 6′MBIR, and 6MBIR were present in
much lower proportions.
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Although there is not yet direct evidence for the location of purple dyeing installations
in the Theran or Rhodian Late Bronze Age contexts, there are several arguments presented
in this work that allow for the purple color identified in Akrotiri and Raos on Thera as well
as in Trianda on Rhodes to be related with the Aegean Late Bronze Age industry of murex
purple dyeing. The deposits of murex shells as well as the largely attested second use of the
shells in many instances at Akrotiri and Trianda could more likely be associated with the
systematic recycling of waste products from the purple industry than with an organized
deposition of food debris. In addition, the large-scale textile production suggested by
the numerous loom weights found in both sites might be connected with dyeing as well.
Finally, the use of the purple pigment analyzed in this paper in several scenes in the Xeste
3 wall paintings at Akrotiri to render with naturalism not only the purple petals of the
crocus flowers but also several details in women’s woven costumes implicitly reinforces the
probability of a local purple textile dyeing industry at the beginning of the Late Bronze Age.
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Abstract: Sixteenth century wall paintings were analyzed from a church in an advanced state of
decay in the Apennines of central Italy, now a remote area but once located along the salt routes from
the Po Valley to the Ligurian Sea. Infrared spectroscopy (FTIR-ATR), X-ray diffraction (XRD) and
scanning electron microscopy (SEM) with a microprobe were used to identify the painting materials,
as input for possible future restoration. Together with the pigments traditionally used for wall
painting, such as ochre, ultramarine blue, bianco di Sangiovanni, cinnabar/vermilion, azurite, some
colors were also found to have only been used since the 18th century. This thus suggests that a series
of decorative cycles occurred after the church was built, confirmed by the multilayer stratigraphy of
the fragments. Some of these colors were also unusual, such as clinochlore, Brunswick green, and
ultramarine yellow. The most notable result of the analytical campaign however, was the ubiquitous
determination of aragonite, the mineralogical form of calcium carbonate, mainly of biogenic origin.
Sources report its use in Roman times as an aggregate in mortars, and in the literature it has only
been shown in Roman wall paintings. Its use in 16th century wall paintings is thus surprising.

Keywords: aragonite; Brunswick green; clinochlore; FTIR; mortars; SEM-EDX; ultramarine yellow;
vermilion; wall paintings; XRD

1. Introduction

Conservation science helps preserve the memory of monuments which have been
shown to be in such a declining state of neglect and decay that time is running out.
Monuments that very probably cannot be restored as part of a conservation project risk
disappearing without a trace. An analytical campaign of what is still possible to characterize
can therefore reveal the materials, artistic techniques, decorations to future memory of a
disappearing beauty. The church of Santo Stefano in Selva (Cerignale) (Figure 1), in the
Apennines of Piacenza (central Italy), is in a declining state of neglect and decay. Given
its location in a remote area, with no tourism, it is not a high priority for the national
heritage. The local community pressed for an analytical campaign on the fragments of the
few surviving paintings, in order to preserve their memory.

The area between the Po Valley and the Ligurian Sea was once much travelled, and
there were also several historical pilgrimages, along important trade ridgeways, such as the
salt routes, which involved the exchange of local goods. One of these routes, the “Strada
del Cifalco”, followed the natural path of the Trebbia Valley along the ridge between the
Aveto and Trebbia rivers, connecting the north of what today is Liguria with Piacenza. It
is thus not surprising that the Apennines, the mountainous system of this area, are rich
in artistic testimonies, which unfortunately were neglected during the depopulation after
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the Second World War. This artistic history can be seen in the municipality of Cerignale
too: the village of Ponte Organasco, with its medieval layout and many tower houses; the
medieval castle of Cariseto, which hosted Emperor Frederick Barbarossa; and the church of
Santo Stefano in Selva. The building is located in an area which was once a point of transit
and rest for the muleteers travelling between the Trebbia valley and the Aveto valley, on
their way to Liguria [1].

Figure 1. The remains of wall paintings in the church of S. Stefano.

Documentation on the history of the paintings is scarce. The building is listed in a
church register which records the churches that in 1523 sent financial dues to the Papal State.
The ruins still reveal the elaborate construction technique adopted to simulate a certain
opulence, such as the vaulted ceiling, which looks like it is made of stone, but is actually
a wooden structure with the intrados made of reeds covered with painted plaster. The
facade of the single-nave church is relatively intact, and recalls the classical Greek temple
structure. The lesenes support the very elaborate trabeation and triangular tympanum.
Three transverse round arches have also remained intact. No records of the wall paintings
have been found in the archives. We can thus only assume that the first cycle of paintings
dates back to the construction of the building in the 16th century.

The church has almost completely lost the internal wall paintings (Figure 1). The
decay originated from the partial settlement of the ground, around the middle of the last
century, and more recently from a bolt of lightning that hit the stone bell tower causing a
fire that almost completely destroyed the roof.

The present work reports the analytical campaign conducted on fragments from the
few wall paintings still in place. The samples were analyzed with optical microscopy and
scanning electron microscopy equipped with an energy-dispersive spectrometer, also on
polished cross sections, and with X-ray diffraction and infrared spectroscopy on powders.
The analyses obtained important information on the pictorial materials, pigments and
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binders used for the decoration of the walls. Traditional and unusual pigments were
revealed together with the widespread use of aragonite probably from shells utilized as
a building material, which, to the best of our knowledge, has never before been found in
16th century wall paintings.

We believe that the results could contribute to maintain the memory of the history of
the church and help support a material study as part of future conservation work.

2. Materials and Methods

Table 1 reports the samples. Since most of the samples had clearly different over-
lapping color backgrounds, when possible without risk of contamination, the individual
layers were separated with a scalpel and analyzed individually. Fragments of the eight
most complex samples were analyzed as polished cross sections. From each fragment, the
support mortar layer was taken and characterized.

Table 1. Description of the samples, identified pigments and employed analytical techniques (OM: optical microscopy; FTIR-
ATR: Fourier-transform infrared spectroscopy in attenuated total reflection; XRD: X-ray diffraction; SEM-EDX: scanning
electron microscopy-energy dispersive X-ray spectroscopy; PCS: polished cross section).

Sample Images Colors Identified Pigments Analytical Techniques

ST1

 

aqua green

blanc fixe (BaSO4), clinochlore
(Mg4Fe2Al(Si3Al) O10(OH)8),

ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR, XRD,
SEM-EDX

ST2

 

aqua green blanc fixe (BaSO4), ultramarine
blue (Na8Al6Si6O24S4)

FTIR-ATR, XRD,
SEM-EDX, PCS

blue ultramarine blue
(Na8Al6Si6O24S4)

red red ochre (Fe2O3, clay)

white blanc fixe (BaSO4)

white bianco di Sangiovanni (CaCO3)

yellow yellow ochre (FeOOH, clay)

ST3

 

aqua green
ultramarine blue

(Na8Al6Si6O24S4), ultramarine
yellow (BaCrO4)

FTIR-ATR, SEM-EDX,
PCSblue ultramarine blue

(Na8Al6Si6O24S4)

white bianco di Sangiovanni (CaCO3)

yellow yellow ochre (FeOOH, clay)

ST4

 

blue ultramarine blue
(Na8Al6Si6O24S4)

FTIR-ATR, XRD,
SEM-EDX
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Table 1. Cont.

Sample Images Colors Identified Pigments Analytical Techniques

ST5

 

blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR, XRD,
SEM-EDX, PCSred red ochre

(Fe2O3, clay)

white bianco di Sangiovanni
(CaCO3)

ST6

 

blue ultramarine blue
(Na8Al6Si6O24S4)

FTIR-ATR, XRD,
SEM-EDX

red red ochre (Fe2O3, clay)

yellow
cinnabar/vermilion
(HgS), yellow ochre

(FeOOH, clay)

ST7

 

black red ochre (Fe2O3, clay)

OM, FTIR-ATR,
SEM-EDX

blue blanc fixe (BaSO4), ultramarine
blue (Na8Al6Si6O24S4)

light blue
blanc fixe (BaSO4), ultramarine
blue (Na8Al6Si6O24S4), white

lead (2PbCO3 Pb(OH)2)

grey manganese black (MnO2),
yellow ochre (FeOOH, clay)

dark ochre manganese black (MnO2),
yellow ochre (FeOOH, clay)

yellow yellow ochre (FeOOH, clay)

ST8

 

green Brunswick green
((Cu,Zn)2(OH)3Cl)

OM, FTIR-ATR, XRD,
SEM-EDXorange yellow ochre

(FeOOH, clay)

yellow chrome yellow
(PbCrO4)

ST9

 

ochre yellow ochre (FeOOH, clay) FTIR-ATR, SEM-EDX

ST10

 

red red ochre
(Fe2O3, clay) OM, FTIR-ATR,

SEM-EDX
yellow yellow ochre

(FeOOH, clay)

ST11

 

green Brunswick green
((Cu,Zn)2(OH)3Cl)

OM, FTIR-ATR, XRD,
SEM-EDX

yellow
chrome yellow (PbCrO4),

yellow ochre
(FeOOH, clay)
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Table 1. Cont.

Sample Images Colors Identified Pigments Analytical Techniques

ST12

 

red cinnabar/vermilion
(HgS)

FTIR-ATR, SEM-EDX

yellow
chrome yellow

(PbCrO4), yellow ochre
(FeOOH, clay)

ST13

 

red cinnabar/vermilion (HgS),
yellow ochre (FeOOH, clay)

FTIR-ATR, SEM-EDX

yellow
chrome yellow (PbCrO4),

ultramarine yellow (BaCrO4)

ST14

 

blue ultramarine blue
(Na8Al6Si6O24S4)

FTIR-ATR, SEM-EDX,
PCS

red cinnabar/vermilion (HgS), red
ochre (Fe2O3, clay)

white bianco di Sangiovanni (CaCO3)

yellow chrome yellow (PbCrO4), yellow
ochre (FeOOH, clay)

ST15

 

red cinnabar/vermilion (HgS), red
ochre (Fe2O3, clay)

OM, FTIR-ATR,
SEM-EDX

light red blanc fixe (BaSO4), red ochre
(Fe2O3, clay)

white bianco di Sangiovanni (CaCO3)

yellow chrome yellow (PbCrO4), yellow
ochre (FeOOH, clay)

ST16

 

light blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDX

red cinnabar/vermilion (HgS), red
ochre (Fe2O3, clay)

light red red ochre (Fe2O3, clay)

yellow chrome yellow (PbCrO4)

ST17

 

blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDX, PCS

dark red red ochre (Fe2O3, clay)

light red red ochre (Fe2O3, clay)

white bianco di Sangiovanni (CaCO3)

ST18

 

blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR, XRD,
SEM-EDX, PCS

light blue ultramarine blue
(Na8Al6Si6O24S4)

red red ochre (Fe2O3, clay)

yellow yellow ochre (FeOOH, clay)
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Table 1. Cont.

Sample Images Colors Identified Pigments Analytical Techniques

ST19

 

blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDX, PCS

light blue azurite (2CuCO3 Cu(OH)2

dark ochre yellow ochre (FeOOH, clay)

red red ochre (Fe2O3, clay)

ST20

 

blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDX, PCS

red cinnabar/vermilion (HgS), red
ochre (Fe2O3, clay)

white bianco di Sangiovanni (CaCO3)

yellow chrome yellow (PbCrO4), yellow
ochre (FeOOH, clay)

ST21

 

light blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDX

red red ochre (Fe2O3, clay)

white bianco di Sangiovanni (CaCO3)

yellow yellow ochre (FeOOH, clay)

ST22

 

light blue ultramarine blue
(Na8Al6Si6O24S4)

OM, FTIR-ATR,
SEM-EDXred red ochre (Fe2O3, clay)

yellow yellow ochre
(FeOOH, clay)

ST23

 

red yellow ochre (FeOOH, clay)
OM, FTIR-ATR,

SEM-EDX
yellow red ochre (Fe2O3, clay)

2.1. Sampling

Samples were collected from detached fragments of wall paintings and stored in LDPE
bags or containers.

2.2. Infrared Spectroscopy

FTIR-ATR spectra were acquired by means of a Thermo Scientific Nicolet iS10 in-
strument, in the range between 4000 and 600 cm−1, 4 cm−1 resolution, 32 scans. The
background was periodically registered. Spectra were interpreted by comparison with a
homemade reference database and with the literature.

2.3. X-ray Diffraction

A selection of samples was analyzed as fine ground powders. X-ray diffraction
analyses were performed using a Rigaku Miniflex 300 diffractometer (30 kV, 10 mA, Cu-Kα

radiation (λ = 1.5418 Å), 5–55◦ Theta/2-Theta, step scan 0.02◦, scan speed 3◦/min). PDXL2
software supporting ICDD (The International Centre for Diffraction Data) PDF2 databases
were used to identify the phases.
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2.4. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

The samples were observed without any pre-treatment with a FEI/Philips XL30 ESEM
(low vacuum mode—1 torr, 20 kV, BSE detector). The possibility of working in “low
vacuum mode” made it possible not to cover the samples with a conductive layer of carbon
or gold. Depending on the size of the collected fragments, they were either observed
whole or broken up to obtain a significant portion that was compatible with the size of the
sample holder. The elemental analyses were carried out using an X-ray energy dispersive
spectrometer, EDAX AMETEK Element, coupled to SEM.

A selection of fragments was also embedded in an epoxy resin, cross-cut with a
diamond saw and then mechanically polished. Polished cross sections were then analyzed
by SEM-EDX, too.

2.5. Optical Microscopy

Samples were observed with an optical microscope Nikon Eclipse LV150, equipped
with a Nikon DS-FI1 digital image acquisition system. Images were acquired and elaborated
using the NIS-elements F software. Polished cross sections were observed with a portable
digital microscope MAOZUA USB001, and images were acquired using the software
MicroCapture Plus.

3. Results

The fragments analyzed had different colored layers that were identified by IR spectra
and XRD analysis of the powders or suggested by EDX elemental spectra and maps
(Table 1).

Yellow and red ochre were identified based on XRD and FTIR patterns, and then
confirmed by iron associated with silicon and aluminum in EDX maps. For example, the
FTIR spectrum (Figure 2a) of the yellow areas of sample ST7 showed peaks at 3150 and
798 cm−1, which could be attributed to OH stretching and out-of-plane deformation of
goethite, respectively; the pattern presented signals at 3691, 3649 and 3619 and 912 cm−1

too, which resemble the outer and inner OH group stretching and deformation of kaolinite,
respectively [2–4]. The signals at 1027 (Si-O-Si), 1004 (Si-O-Al) and 938 cm−1 (Al-O-H)
confirm our findings. Kaolinite is normally associated with the presence of ochre [5]. The
absorbance at 1162 cm−1 (Si-O asymmetric stretching) is due to the presence of quartz, as
well as the peak at 691 cm−1 which is Si-O symmetric stretching mode [2,3].

The powders of sample ST1, which is colored in aqua green, were analyzed with
XRD (Figure 3). A comparison with the instrument database revealed the presence of
clinochlore (Mg3(Mg2Al)((Si3Al)O10), which is a member of the chlorite group, with a color
that varies between yellowish green, olive green, blackish green and bluish green [6]. The
characteristic peaks of calcite (CaCO3), gypsum (CaSO4·2H2O), bassanite (CaSO4·0.5H2O),
quartz (SiO2) and barite (BaSO4) were also observed.

The pattern of IR bands (Figure 4a) at around 1410 cm−1 (C-O asymmetric stretching)
and 1793 cm−1 (combination band), 873 and 712 cm−1 (C-O out-of-plane and in-plane
bending vibrations, respectively) is present in all the spectra, which suggests the presence
of calcium carbonate as calcite from the binder fraction of the mortar substrate [7–12]. The
spectra of the white areas present only the peaks at around 1793, 1410, 873 and 712 cm−1,
which, as just discussed, refer to calcium carbonate, which constitutes the pigment bianco
di Sangiovanni [6].
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Figure 2. ATR spectra of: (a) yellow area of sample ST7, showing the presence of kaolinite, goethite and calcite; (b) blue
area of sample ST2, showing the presence of ultramarine blue, calcite, aragonite; (c) yellow area of sample ST10, showing
the presence of gypsum, calcite, ochre, traces of organic compounds; (d) red area of sample ST14, showing the presence of
calcium oxalate, calcite, ochre, organic compounds.

Figure 3. Aqua green area of sample ST1: digital microscope image of the surface (a) and XRD
analysis on powders (b) showing the main signals of clinochlore (cl).

The specific peaks at around 1083, 855 and 702 cm−1 found in all the samples suggest
the presence of calcium carbonate in the mineralogical form of aragonite, both in the
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support and mixed with the pigments. The 855 and 702 cm−1 signals are due to ν2 and
ν4 CO3

2− vibrations, respectively, and the absorbance at 1083 cm−1 could be attributed
to ν1 symmetric CO3

2− stretching [13,14]. Figure 4a shows a representative spectrum of
aragonite, identified in sample ST6, where the peaks are clearly distinguished from those of
calcite. SEM images of sample ST19 (Figure 4b) clearly showed the typical sharp, needle-like
crystals of aragonite [15]. Aragonite was always corroborated by the XRD pattern, which
also distinguished between the two mineralogical forms of calcium carbonate (Figure 4c).

In some red samples, the EDX investigations showed the distribution of mercury
and sulfur in the same area, suggesting the use of cinnabar/vermilion, as in sample ST15
(Figure 5). Similarly, the co-presence of chrome and lead in EDX maps indicated the
presence of chrome yellow, as in the yellow area in sample ST11, where the pigment was
confirmed by the signals of crocoite (PbCrO4) present in XRD results (Figure 6).

Figure 4. (a) ATR spectra of the red area of sample ST6, showing the peaks of calcite, aragonite, ochre; (b) SEM image in
BSE mode of the surface of sample ST19: the typical sharp crystals of aragonite are shown; (c) XRD analysis on powders of
mortar support of sample ST2, showing the main signals of aragonite (ara).

The spectrum of the blue areas showed peaks at 1137, 1009 and 651 cm−1, which could
be attributed to Si-O-Si and Si-O-Al stretching modes of ultramarine blue (Na8Al6Si6O24S4),
respectively [16]. Figure 2b shows a spectrum of ultramarine, as found in sample ST2.

Blanc fixe (barium sulphate BaSO4) was found in some samples due to the presence
of IR peaks at 3606, 1089 and 659 cm−1, which can be attributed to OH (surface-adsorbed
water molecules), SO4

2− and Ba-S-O stretching modes, respectively [17]. EDX maps of
sulfur and barium and XRD patterns of barite recorded in the same areas corroborated the
hypothesis.
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Gypsum was present in most samples, as highlighted by the XRD results and by
the IR signals (Figure 2c) at around 3530 and 3400 (hydroxyl stretching bands), 1683 and
1621 (hydroxyl bending vibrations), 1113 (SO asymmetric stretching), and 668 cm−1 (SO
asymmetric bending mode) [18].

Figure 5. Red area of sample ST15: (a) digital microscope image of the surface (scale bar: 100 μm); (b) SEM image in BSE
mode of the painted layer (scale bar: 50 μm); (c) EDX elemental distribution map of mercury (scale bar: 50 μm); (d) EDX
elemental distribution maps of sulfur (scale bar: 50 μm).

Some samples presented IR patterns (Figure 2d) showing absorbances at around 1645
and 1322 (C-O stretching vibration) and 668 cm−1 (O-C-O bending vibrations), which were
ascribed to calcium oxalate (CaC2O4 nH2O) [18]. The spectra also show the signals at
around 2918, 2850 and 1733 cm−1, which suggest the CH and C=O stretching absorption of
organic compounds, respectively, but were too weak and few for a reliable identification [7].

In a few green areas, zinc, chlorine and copper appeared to be associated in the EDX
maps, as observed in samples ST8 and ST11 (Figures 6 and 7). The combination of these
elements suggests the compound ((Cu,Zn)2(OH)3Cl), known as Brunswick green. XRD
analyses of the same samples suggested the presence of the natural equivalent of the
pigment, i.e., paratacamite (Figure 6). In sample ST11, Brunswick green was identified in
green areas close to yellow areas painted with chrome yellow, as clearly shown in Figure 6.
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Figure 6. Yellow and green areas of sample ST11: (a) digital microscope image of the surface (scale bar: 100 μm); (b) XRD
analysis on powders, showing the main signals of crocoite (c) and paratacamite (p); (c) SEM image in BSE mode of the
painted layer (scale bar: 100 μm); (d) EDX elemental distribution maps of lead (scale bar: 100 μm); (e) EDX elemental
distribution maps of chromium (scale bar: 100 μm); (f) EDX elemental distribution maps of chlorine (scale bar: 100 μm);
(g) EDX elemental distribution maps of copper (scale bar: 100 μm); (h) EDX elemental distribution maps of zinc (scale bar:
100 μm).
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Figure 7. Green area of sample ST8: (a) image of the sample; (b) digital microscope image of details of the green areas of the
painted surface (scale bar: 100 μm); (c) SEM image in BSE mode of the painted layer (scale bar: 100 μm); (d) EDX elemental
distribution map of copper (scale bar: 100 μm); (e) EDX elemental distribution maps of chlorine (scale bar: 100 μm); (f) EDX
elemental distribution maps of zinc (scale bar: 100 μm).
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With regards to stratigraphical studies, optical and electronic microscopy revealed a
number of colored layers ranging from three to eight. A combination of the EDX elemental
maps recorded along the stratigraphy and the IR analysis of the single layers taken, where
possible, with micro scalpel, suggested the pigments present in the samples (Table 1). Ochre
is the most common pigment, generally alternated with bianco di Sangiovanni white and
ultramarine blue. In samples ST3 and ST13, the EDX maps recorded the signals of barium
and chrome in the same areas (Figure 8). The combination of these two elements resembles
the pigment barium chromate called ultramarine yellow or lemon yellow [6]. Analysis of
the polished cross sections revealed strange combinations of pigments. Figure 9 shows the
stratigraphy of sample ST20. The inner red layer seems to consist of the overlapping of a
layer of cinnabar/vermilion and ochre, due to the presence of an accumulation of mercury
and iron, respectively. On the other hand, the alternation of only ochre and azurite was
observed in sample ST19.

Figure 8. Yellow area of sample ST3: (a) image of the sample; (b) SEM image in BSE mode of the painted layer (scale bar: 100
μm); (c) EDX elemental distribution map of barium (scale bar: 100 μm); (d) EDX elemental distribution maps of chromium
(scale bar: 100 μm).
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Figure 9. Polished cross section of sample ST20: (a) digital microscope image of the surface (scale bar: 100 μm); (b) SEM
image in BSE mode of the painted layer (scale bar: 100 μm). The analyzed area roughly corresponds to the area evidenced
in red in the figure (a); (c) EDX elemental distribution map of iron (scale bar: 100 μm); (d) EDX elemental distribution maps
of mercury (scale bar: 100 μm).

4. Discussion

The pigments identified are both traditional and modern colors, such as chrome
yellow and blanc fixe, above all as an extender, that were first used at the end of the 18th
century [16].

Clinochlore was identified in the aqua green area of one sample. This mineral belongs
to the chlorite family, which is one of the clay minerals that make up green earths, along
with glauconite and celadonite [6]. The presence of only clinochlore for the green color is
rare but possible, as documented in two articles [19,20].

In two samples, Brunswick green was found, which is another uncommon pigment.
This color was first prepared in the town of Braunschweig (“Brunswick”) in 1764 [6] and
was one of the modern pigments that replaced the expensive malachite [21]. It consisted
primarily of atacamite; however, a variation of the main recipe included the use of zinc salts
to form paratacamite. The occurrence of copper and chlorine also indicates the presence
of atacamite, which is also a possible pigment, or maybe the result of the decay of azurite.
However, zinc was found in the same areas of the pigment, thus suggesting the presence
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of Brunswick green. We ruled out the presence of zinc due to zinc white. In fact, zinc was
not found in other areas of the wall paintings. From the beginning of the 19th century,
various recipes were developed to produce Brunswick green. However unfortunately the
term “Brunswick green” was also applied to colors that referred to other compositions,
such as emerald green, verdigris, Prussian blue mixed with chrome yellow and various
yellow, brown and black pigments. According to Eastaugh et al. [6], the abundance of
meanings suggests that, rather than a specific pigment, Brunswick green was just part of
color terminology. The ambiguity of the term and the composition perhaps explain the
scarce bibliography of findings of the color in paintings [22,23]. When Brunswick green
is mentioned, in fact, the true pigment is misrepresented by a mixture of chrome yellow
and Prussian blue. In some cases, the compound may be due to decay phenomena, and
thus it is not easy to assess whether the pigment was used as a raw material or whether it
was a decay product. In any case, the presence of this pigment also suggests a decorative
intervention after the beginning of the 19th century, and therefore following the execution
of the first mural paintings.

With regards to the detection of barium chromate, this pigment was commercially
available and known throughout the 19th century as ultramarine yellow, lemon yellow,
barium yellow, or baryta yellow [6]. It belongs to the family of yellow chromate pigments
and has been used since the end of the 19th century, as verified by the finding in paintings
of that period [24]. Among chromate pigments, it is the most lightfast and turns green if
exposed to light for a long time. Findings of this pigment are also scarce [24–30].

The observation of the stratigraphic sections seems only able to suggest the painting
techniques used by the artists. The issue, as emerges also from the literature [31–35], is still
very controversial, and, to date, there are no reliable and univocal guidelines. Considering
this, microscopic observation seems to suggest a fresco technique for the first decorative
cycle, while the finding of organic substances in the outer layers indicates a secco technique
for the subsequent interventions.

The presence of gypsum in the majority of samples is likely due to the sulphation of
the lime binder fraction, given the poor conditions of the building and the lack of protection
from precipitation. The chemical origin of calcium oxalate found in some fragments may be
due to the mineralization of organic compounds [36], although films may have been formed
as a by-product of surface microflora. SEM morphological investigations did not indicate
the presence of either past or present bio-colonization, and traces of organic substances
were found in samples containing calcium oxalate. This compound could have formed
through the oxidative degradation of the organic binder and/or treatment applied onto
the wall painting as part of conservation works.

Our most notable finding was the ubiquitous determination of aragonite, as a com-
ponent of the supporting mortar. Aragonite is one of the mineralogical forms of calcium
carbonate, being of biogenic origin (shells, coral, pearls). When found in the mortar, it
is ascribed to the aggregate fraction, as the production of lime, also from the calcination
of shells, facilitates the formation of calcite. The most common source of aragonite is
from mollusk shells and endoskeleton corals. In some geological formations, it may be
associated with specific rocks; however, these rocks are not present in the area of Cerignale.

Dilaria reconstructed in detail the use of aragonite in building technologies [37]. In
ancient times, people used shells for food, rituals, decoration, fishing, and for lighting
lamps. The shells of some species of Murex were also the by-products of the production
of purple, an expensive pigment. Once crushed, shells were used as building material,
mainly for floors and as an aggregate in mortar. Shells may have been added intentionally
in the mixtures to save on the raw materials, and were used as a strong material but, at the
same time, were light and therefore easy to transport. Unintentional use cannot be ruled
out; for example, when river sands that were not well sieved were used as aggregate. In
any case, the use of shells has been described in Roman sources in the 4th century C.E.,
when it seemed that they improved the set-up of the mixture. Dilaria reports numerous
cases of findings in the Mediterranean area, e.g., Greece, Lebanon, Egypt, Italy, Tunisia,

39



Heritage 2021, 4

dating from the Bronze Era to the Byzantine Era [37]. Shells have mainly been found in
the preparation of floors, wall coverings, foundations of buildings, mosaics, cisterns, but
rarely for the mortar support of frescoes. In Italy, shells were used in the north-eastern
and central areas, always along the marine coasts and always as building materials for
floors and walls. In some cases, it has been possible to trace whether the use is associated
with the use of non-sieved sands, in others with the production of purple from the Murex
species. It is clear from Dilaria’s study that, in every historical period, the use of shells
was limited to coastal, lagoon or island territories, since the properties they conferred to
mortars were not considered valuable enough to justify their trade.

In most findings on building materials reported in archaeological sources, identifica-
tion is visual because the shells can still be seen, although partially crushed [37]. Regarding
scientific articles on the analytical determination of shells in mortars, aragonite has been
revealed by FTIR spectroscopy and XRD in Roman mortars from Caesarea Maritima [38]
and in wall paintings exclusively from the Roman and Hellenistic eras [39–44]. Some of
these authors have also suggested that aragonite may have been used as a pigment too,
alone in white areas or mixed with other pigments, as described in treatises [6].

5. Conclusions

The analysis of the wall paintings of the church of S. Stefano attest to the use of a
rich palette of colors and reveal a palimpsest of various painting cycles, as highlighted
by the presence of multilayered stratigraphies. Together with common colors, such as
ochre, ultramarine blue, bianco di Sangiovanni, cinnabar/vermilion, azurite, a few unusual
pigments were identified, specifically clinochlore, Brunswick green, ultramarine yellow,
which have rarely been found in painted works of art and never in wall paintings. The
presence of these pigments datable to the 19th century, indicate a terminus post quem for
the execution of the external pictorial layers. Under the microscope, the underlying layers
do not appear to be particularly decayed and therefore did not need to be hidden with
other colors. This suggests that the building was painted regularly following whatever
tastes were current at the time, using synthetic pigments available on the market from
the 19th century. Indeed, there are no records on the most recent restoration works and
pictorial cycles. Thus, the identification of modern pigments contributes to shedding light
on the non-documented history of the monument.

The results unfortunately also reveal, as expected, the dramatic past and present state
of conservation of the paintings. Most have come away from the support; however, those
that still survive have been covered on the surface by gypsum and calcium oxalate.

Finally, the ubiquitous presence of aragonite due to the intentional use of shells as
an aggregate in mortar is particularly interesting. What is surprising is that the literature
shows that this is the only case of this finding in wall paintings that are not from the Roman
era. This therefore reveals the use of a building technology from the past in this area of
the Apennines, perhaps due to its proximity to the Trebbia River and the Ligurian Sea.
It is worth highlighting the importance of this area in trade between the Po Valley and
Liguria. It was therefore a very frequented area, probably with the exchange of building
practices that could have entailed the use of shells in mortars. It would be interesting to
investigate other historical buildings in the area of Cerignale, as the discovery elsewhere of
aragonite in mortars would corroborate our hypothesis. Shells were probably used as light
aggregate and were therefore easy to transport to the church of S. Stefano, which is located
far from the main roads and at an altitude of 700 m. The shells may have originated from
the Trebbia River, in the valley below, or in the Ligurian sea, to which the Trebbia valley
was connected.

The analyses carried out provide evidence of the unexpected richness and variety of
the paintings in the church of S. Stefano, which is at real risk of fading. It is thus important to
underline the fundamental role of conservation science, which, by studying the techniques
and materials used by the artists of the past, may encourage future restoration projects and
enhances and preserves the disappearing beauty.
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Abstract: Maize stem sculptures, produced during the 16th and 17th centuries in New Spain (today,
Mexico) are a clear example of the convergence of the artistic traditions from the American indigenous
populations and European influence. This typology of sculptures is not limited to the Americas, as the
examples found in European countries have shown. Therefore, a detailed technological investigation
is required to correctly classify them. This work presents the interdisciplinary and multianalytical
investigation of a 16th-century sculpture made with a maize stem preserved in Guadalajara city,
Mexico. We used a set of techniques, such as CT, SEM-EDX, μ-FTIR, and μ-Raman, to study, from
a macro to a micro level, the structure, the polychromy, and the modification of the sculpture. The
results showed the use of maize stems, paper, and wood in the construction of the sculpture and the
use of the traditional polychromy, as well as the numerous modifications that changed its appearance
considerably resulting in its misclassification. We were able to associate the statue with the Cortés
workshop (Mexico City region), probably produced in the decade of 1580, and track its liturgical use
and historical development through the centuries.

Keywords: maize stem; New Spain; computerized tomography; FTIR; Raman; SEM-EDX; Mexican
sculpture; polychrome sculpture

1. Introduction

The production of corn (Zea mays L.) stem light sculptures in New Spain (today
Mexico) during the 16th and 17th centuries is a clear example of the convergence of two
artistic traditions. On one hand, there are the Mesoamerican sculptural materials such as
maize stems, agave inflorescence (quiote), and colorín wood (Erythrina coralloides DC.). On
the other there are the European artistic traditions and iconographic models [1,2]. This
technique is still used today in the Michoacán state (Western Mexico). Corn, the most
characteristic material of this sculpture technique, was, and still is today, an important
element in the Mexican culture. For example, according to the Mayan tradition, humankind
was made of corn [3]. However, this type of sculpture was not exclusive to the New Spain
viceroyalty. Bruquetas [4] reported examples of similar statues, made with glued fabrics
and agave inflorescence, from the Andean region (previously the Peru viceroy). There are
also historical records of the use of maize stem for sculpture production in the Kingdom of
Guatemala [5].

It is possible to track the artistic tradition of American low weight sculptures through
the Spanish papelón [6] until the Italian cartapesta [7] used at least since the 14th century as
a profitable activity for artists thanks to an early serial production system of sculptures
sold at lower prices due to the “poor” materials used. Because of the international trade
routes of materials, such as gold, silver, and cochineal [8,9], as well as artwork during
the Spanish Empire (16th–19th centuries) [10,11], some American light weight sculptures
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arrived in European countries such as Spain [12–14] and Croatia (previously the Republic
of Ragusa) [10].

The chronicles written by the friars in charge of the evangelization of the indigenous
populations reported the technical procedures to use maize stem as sculpture material.
According to the historical records, the production of maize stem sculptures started with
the harvest of the adult maize plant after the production of the corn, followed by the
cleaning of the stems, debarked or not according to their use, by boiling them. Finally, they
were let to dry slowly. In some cases, the sculptors added poisonous plants to the boiling
bath to increase the resistance to biological attack [14]. The debarked stems were ground
and bound with a natural adhesive to prepare the paste for modeling the volumes. The
historical references indicate the use of a polysaccharide gum named tatzingueni or tzauhtli
extracted from orchid bulbs [15], but so far only animal glue has been identified in the
sculptures analyzed [16].

Unfortunately, today, we know the name of very few artists that used maize stems
and other local materials such as colorín wood. The Cerda family, Matías and his son, Luis,
active during the 16th and 17th centuries in the Michoacán region (Western Mexico), are
the most famous sculptors of which we have historical records [1,17,18]. Additionally, the
sculpture of the Virgen del Pueblito (today in Querétaro state in central Mexico) is attributed
to the friar Sebastián Gallegos (active during the first half of the 17th century), who probably
learnt the technique in Michoacán [19]. There are also records about the use of maize stem
by the friar Félix de Mata in Guatemala [5].

Despite the reduced records about artists, the technical and formal characteristics
of the sculptures allow their classification into “workshops” linked to specific regions.
Amador Marrero [13,20] proposed nine workshops associated with three geographical
areas: the western area of Mexico, specifically, what is today the Michoacán state, the central
area concentrated in Mexico City, which was the capital of the New Spain viceroyalty, and
Oaxaca in the southwest region (Figure S1).

In addition to their formal characteristics, in general, the internal structure of the
sculptures allows their classification; the examples from the Michoacán region have a core
made of maize stem which is attached using natural fibers or light wood (e.g., colorín)
covered with debarked maize stem and maize stem paste. On the other hand, the sculptures
produced in the central area are hollowed. Artists used two-half casts to obtain the initial
shape, made of paper (similar to the papelón or cartapesta techniques) and, in some cases,
codices [14,21]. To facilitate the removal of the paper from the mold, the artist applied
gypsum or diatomaceous earth [22]. This system allowed a semi-serial production of the
sculpture [14]. The artists achieved the final volumes by modeling debarked or maize stem
paste over the paper or wooden core.

The polychrome sculpture production was a collaborative work as dictated by the
regulations of the guilds; after the sculptor finished the volumes, a polychromer (a special-
ized painter) prepared the polychromy [23–25]. Very few records report on the polychromy
technique used in the maize stem sculptures. Bonavit identified the use of a preparation
layer called ticatlali or tízar (most probably gypsum), which was also reported by Carrillo y
Gariel [21]. Regarding the pigments, Bonavit suggested the painters used carbon black and
cochineal lake mixed with a siccative oil as binder [26].

The scientific investigation of maize stem sculptures is paramount for their correct
identification, classification, and correct conservation. The variety of materials and the
complexity of the structure make it necessary to use a multianalytic approach to un-
derstand the technology of these sculptures. Radiography [12,27] and computerized
tomography [10,28,29] are the preferred technique for the non-invasive investigation of
the internal structure. Endoscopy also offers this kind of information, but it is applica-
ble only to hollowed sculptures that, due to their condition, allow the insertion of the
camera [30]. Microscopic and spectroscopic methods enable the study of the polychrome
surface [27,31,32]. The research published so far indicates that the artists followed the
European tradition: gypsum and animal glue for the ground layer and pigments (e.g.,
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lead white, azurite, vermilion, minium) mixed with siccative oils, and in a very few cases,
animal glue, as a binder. There are also reports of the use of metallic leaves applied over
red bole to decorate the loincloth [13,19,22].

Most recently, studies have focused on gaining a better understanding of the degrada-
tion mechanisms of maize stem as a sculpture material, particularly its physical properties
linked to their preparation, by studying the mechanical properties and the resistance to bi-
ological damage according to the part of the stem used and the method of preparation [33].

This work presents an interdisciplinary investigation that covers the historical research,
the stylistic analysis, and the technological study of a 16th-century maize stem sculpture,
el Señor del Santo Entierro (Lord of the Holy Sepulcher). Before our study, scholars mis-
classified the sculpture and suggested it was a substitution of the original. We completed
historical research together with a multianalytic examination, combining non-invasive
and micro-invasive methods, using computerized tomography (CT) to understand the
internal structure, optical and scanning electron microscopy (SEM-EDX), micro attenuated
total reflection-Fourier transform Infrared (μ-ATR-FTIR) and micro-Raman (μ-Raman)
spectroscopies for the study of the original polychrome surface and its modifications. We
aimed to recover the statue history and study its technology to classify it correctly and help
in its conservation.

2. Materials and Methods

2.1. The Sculpture of Señor del Santo Entierro

We studied the sculpture entitled Señor del Santo Entierro (Figure 1) currently at the
Nuestra Señora de la Soledad church in Guadalajara city, in Jalisco state (Western Mexico).

 
Figure 1. Sculpture of Señor del Santo Entierro, ca. 1580, Cortés workshop, Mexico.

2.2. Computerized Tomography

The computerized tomography (CT) was performed using a two-slide Siemens Emo-
tion Duo 1 scanner with a standard protocol for lung tissue diagnosis (113 mA and 130 kV).
The tomograms were acquired in slices of 3 mm with a separation between every measure
of 0.5 mm and processed in the transverse, sagittal, and coronal planes.

2.3. Sample Preparation

Table 1 summarizes the samples analyzed and the analyses performed. The sam-
pling areas are reported in Figure S2. Cross-section samples were imbibed in Nic Tone®

transparent acrylic resin and polished until the sample surface was exposed. One of the
cross-sections from the polychromy was imbibed initially with KBr and then in Implex®

polyester resin. It was polished until the sample surface was exposed [34].
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The fibers from the paper samples were partially separated under the stereomicroscope
and then introduced into a test tube with distilled water and completely separated. A drop
of the fibers sample was put over a glass slide and covered for observation.

The maize stem sample was boiled and cut using a razor blade to obtain a transverse
view of the cellular structures. The slides were added to a sample holder with carbon
adhesive tape.

Table 1. List of samples analyzed and a summary of the analysis performed.

Sample ID Type Analysis

SSE-1 Cross-section Optical microscopy, SEM-EDX, μ-FTIR, μ-Raman
SSE-2 Cross-section Optical microscopy, SEM-EDX, μ-Raman
SSE-5 Cross-section Optical microscopy, SEM-EDX
SSE-6 Maize stem paste SEM
SSE-8 Paper Optical microscopy

2.4. Stereo and Optical Microscopy

The samples were observed and documented with a stereomicroscope Leica model
EZ4HD and an optical microscope Leica model DM 4000 M with a Leica digital camera
model DFC 450 C using 20× and 50× magnifications. We processed the images with the
Leica Application Suite 4.0 software.

2.5. Scanning Electron Microscopy

The cross-section samples imbibed in polyester resin were completely covered with
graphite adhesive tape leaving the sample uncovered. We applied two strips of aluminum
adhesive tape on both sides of the sample to increase its conductivity.

Sample images were captured with a SEM Jeol model JSM-6390LV under low vacuum
using 20 kV. Small areas according to the size of each layer were analyzed using EDX, the
time of analysis was 100 s. Maps of the cross-section samples were obtained with 3 million
counts. The data was processed with the INCA Suite 4.08 software.

2.6. Attenuated Total Reflection-Fourier Transformed Infrared Spectroscopy

Micro-ATR-FTIR (μ-ATR-FTIR) analyses were performed using a Thermo Scientific
Nicolet iN10MX spectrometer in attenuated total reflection (ATR) mode with a Ge crystal.
The spectra were recorded in the range between 4000 to 675 cm−1 with an optical aperture
of 200 × 200 μm, corresponding to an effective investigated area of 50 × 50 μm, and a
spectral resolution of 4 cm−1 and 64 scans. Maps were recorded with an optical aperture of
40 × 40 μm (effective investigated area of 10 × 10 μm) and a step size of 8 μm. The data
was processed with OmnicPicta and Omic32 software.

2.7. Micro Raman Spectroscopy

μ-Raman analyses were performed with a Bruker Senterra Raman Microscope coupled
to an Olympus BX 40 microscope equipped with a CCD camera. The spectra were recorded
in the 100–3200 cm−1 range using a 785 nm He–Ne laser source and with excitation powers
of 9 mW and 1 mW and a spectral resolution of 3–5 cm−1. Acquisition time was 5–10 s and
5–10 accumulations to maximize the signal-to-noise ratio. Spectra were processed with
OPUS and Origin Pro software.

3. Results

3.1. Historical Research

Unfortunately, little historical documentation about the sculpture has survived. There-
fore, a partial history has been reconstructed by us using the documentation regarding where
the sculpture has been located and examining the constant changes through the centuries.

The Nuestra Señora de la Soledad y el Santo Entierro de Cristo confraternity—constituted
only by Spaniards—was founded in 1590 in the capital of the Kingdom of New Galicia
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(an autonomous kingdom that was part of the New Spain viceroyalty and today is the
Guadalajara city in the Jalisco state) in the San Miguel Royal Hospital; its principal function
was to organize the representations and processions for the Holy Friday that, according
to historical documentation, was done for the first time in 1595 [35]. The confraternity
commissioned the sculpture of the Señor del Santo Entierro, together with the sculpture of
the Señora de la Soledad, for the liturgical representations of the Holy Friday.

A historical description of the confraternity procession indicates that the Señor del
Santo Entierro sculpture was descended from the cross—the reason why the arms of the
sculpture were articulated—and placed in a richly decorated urn, which was followed by
angel statues holding the Arma Christi [35], which were also a visual didactic element for
the evangelization. The last procession performed by the confraternity was in 1866 [35].
These religious performances were very popular and useful from a didactic and evangelical
perspective in the early years of the Spanish colonization [36]. The processional uses of
the images are directly linked to their materiality; the maize stem sculptures were famous
because of their low weight. The mural paintings of Huejotzingo (Puebla state) and Teitipac
(Oaxaca state) monasteries depict similar examples of the Holy Friday processions done in
New Spain [36], which are still performed nowadays in Tzintzuntzan (Michoacan state)
where another maize stem statue, Señor del Rescate, is used to represent the descendant of
dead Christ’s body, followed by a procession [37].

The Nuestra Señora de la Soledad y el Santo Entierro de Cristo confraternity was associated
with the Archbasilica of Saint John Lateran in Rome in 1598 [38], the same year in which
the sculptures were moved from the hospital and placed in the Shrine chapel inside the
cathedral. Because of the great devotion towards the two sculptures, in 1599, a specific
chapel was built for them, and by 1658, their own church was built in a park next to the
cathedral [39,40].

Because of the “law of tolerance of sects” enacted in 1926 and the subsequent Cristero
War [41], the church gradually reduced its activity and finally closed on 2 October 1933
by presidential decree [42], passing to the administration of the Federal Finance offices,
and in 1935, it became an archive. Finally, in 1949, was destroyed as part of an urban
modification program planed by Ignacio Díaz Morales and promoted by governor Jesús
González Gallo [43]. After the closure of the church, the sculptures were placed initially
in the cathedral and later in different private houses until the construction of the current
church of Our Lady of Solitude, designed by Pedro Castellanos de Lambley. Its construction
started in 1950, but today it remains unfinished [44].

3.2. Stylistic Analysis and Workshop Adscription

To ascribe the sculpture to a specific workshop, we performed a stylistic analysis of the
sculpture. It is of natural size (170 cm) and the representation is anatomically correct. Two
main elements allow the adscription of the sculpture to a specific workshop: the loincloth
and the head. The loincloth is simple and short; it represents a single white cloth wrapped
around the loin from right to left. The Spanish sculptor Alonso Berruguete (1490–1561)
used this type of loincloth in his wooden sculptures [45]. Amador Marrero [14] identified
similar loincloth designs in the early maize stem sculptures (around 1570) ascribed to
the Cortés workshop. However, in the Señor del Santo Entierro sculpture, the loincloth is
simpler; we suppose it is an intermediate stage between the early sculptures from the 1570s
and the sculptures made in 1580s that have a simpler loincloth design (Figure 2). Regarding
the facial representation, the beard is the only element we can consider, since the hair is a
modification: it is short and forked and the mustache surrounds the mouth.

Based on these elements, we proposed the ascription of this sculpture to the Cortés
workshop, associated with the central region, particularly Mexico City. It is probably
closer to the production of the 1580s, in agreement with the historical documentation of
the confraternity.
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Figure 2. Comparison between different loincloth designs. (a) Loincloth general design identified in
the Cortés workshop sculptures from the 1570s; (b) loincloth found in the Cortés workshop sculptures
from the 1580s; (c) detail of the loincloth from the Señor del Santo Entierro sculpture.

3.3. Computerized Tomography

The tomographic images showed the original structure of the sculpture and some
modifications (Figure 3). The body is hollowed and was constructed initially with a two-
half cast (Figure 3c) to obtain a general shape. The artist modeled the volumes over the
paper silhouette, first with debarked maize stems and later with maize stem paste.

Figure 3. (a) Detail of the sculpture, the dashed lines in color indicate the different areas of the
tomograms; (b) Axial tomogram of the shoulder areas, the image shows the articulation system (A)
and the wooden elements used to insert the head of the sculpture (W); (c) Axial tomogram shows
the hollowed structure, the paper layer (P) obtained using a two-half mold; the red arrow shows the
union between the two halves obtained from the mold. The wooden elements used to reinforce the
arms and insert the wooden hands are marked with W.
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The upper head part (i.e., the cranial vault) was modified by adding three wooden
fragments pasted together (Figure S3b,c). Additionally, the space between the head and
hair (which was modeled using gypsum as suggested by SEM-EDX analysis, data not
showed) suggests it is a modification. Small metallic nails (approximately 60) fixed it to the
sculpture head (Figure S3a).

The tomographic study also allowed us to understand the shoulders articulation
system (Figure 3b), it is a “galleta” or “gozne de paleta” system (similar to a hinge), done using
a woodblock cut in the external extremity to create a space; another wooden element from
the inside of the arm was inserted in the middle of the woodblock and fixed with a linchpin
(Figure S3a). This particular articulation system was already used in Spanish sculptures
in the 16th century [46]; however, previous studies on New Spain sculptures suggest that
the “galleta” system was used after the 18th century, while the most common articulation
system during the 16th century was spherical [47]. In light of this, the articulation system
was probably substituted, which is reasonable considering the possible damage produced
by the constant use.

Particularly in the loincloth area, we observed a hidden perforation on the left side
(Figure 4b) that was probably used to insert a ribbon (today lost) when the sculpture was
placed on the cross, as several paintings show, for example, El Señor de Santa Teresa (1760)
by Francisco Antonio Vallejo (1722–1785) or the El Señor de Chalma (1719) by José de Mora
(1642–1724), both today at the Museo Nacional de Arte in Mexico City.

Figure 4. (a) Detail of the lower part of the sculpture, the dashed lines in color indicate the different areas of the tomograms;
(b) Axial tomogram of the loincloth, the image shows a possible hold to insert a removable ribbon (marked with a red
dashed circle), in the same region the separation of the two halves of the paper layer is shown; (c) The axial tomogram
shows the wooden elements that reinforce the knees, the inset shows the circumference of the debarked maize (DM) stems
and the maize stem paste (MSP) used to obtain the volumes; (d) Sagittal tomogram that shows the hollowed structure, the
paper layer (P), and the wooden elements (W) used to reinforce the knees and to insert the feet.
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In addition, the CT images showed the technical knowledge of the artist who used
resistant materials in the areas where mechanical stress concentrates. The hands and feet
were carved in wood (probably colorín to avoid increasing the weight) and some wooden
elements to reinforce the neck, the arms (Figure 3b,d), and the legs (Figure 4d), as well as
for fixing the hands and feet were inserted (Figure 4d). Several wooden elements reinforced
the knees (Figure 4c,d).

3.4. Maize Stem and Paper Identification

Sample SSE-6, obtained from a fracture in the beard of the sculpture, confirmed the use
of maize stem paste for modeling the volumes. The SEM images showed the characteristic
cellular structures of the maize (Zea mays L.) vascular bundle (Figure 5a,b) [48]. The internal
structure of the sculpture (sample SSE-8) was made with a thick cardboard-like paper made
of long, yellowish fibers. Under the microscope, we identified cotton (Gossypium hirsutum
L.) fibers (Figure 5c), which was the most common textile fiber used by the indigenous
populations [49].

 
Figure 5. (a) SEM backscattering image of the maize stem sample (SSE-6) shows the maize vascular bundle, Px: protoxylem,
Mx: metaxylem vessels, Ph: phloem, Bs: bundle sheath; (b) Longitudinal view of some structures of the maize vascular
bundle, Px: protoxylem, Mx: metaxylem vessel; (c) Cotton fiber from the paper layer (sample SSE-8) under the optical
microscope (50×), average diameter 10 μm.

3.5. Polychromy Analysis
3.5.1. Original Polychromy

The polychromy was done following the European artistic tradition. Over the final
layer of maize stem paste, the artist applied a preparation layer made of gesso grosso,
containing mainly anhydrite (CaSO4), identified thanks to the 1095 cm−1 band from the
νS=O in the μ-FTIR spectra (Figure 6f). Anhydrite, obtained by roasting gypsum, was
traditionally used for ground layers in Southern Europe until the 16th century [50]. A
particular characteristic of the ground layer of this sculpture is the presence of a cellulosic
material (probably maize stem fragments) used as a filler (Figure 6a,d). These fragments are
present in the different cross-section samples. The weak bands at 1656 cm−1 and 1548 cm−1

(data not showed) arising from ν(C=O) and NH, respectively [50], suggest the used of
animal glue as a binder for the ground layer.
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Figure 6. (a) SSE-1 cross-section, 20x; (b) Map of the band 1095 cm−1 from the SO4
2−; (c) Map of the band at 3526 cm−1

from OH of gypsum; (d) Map obtained integrating the area of the band at 1029 cm−1 from the νCO at C6 [51] of cellulosic
material used as filler; (e) Map of the band at 1735 cm−1 from the C=O of the oil binder; (f) FTIR spectra from layers 0
(anhydrite) and 3 (gypsum) of sample SSE-1. The inset shows the bands attributed to animal glue as a binder; (g) FTIR
spectrum obtained from layer 1, the bands associated with the binder marked with *; (h) FTIR spectrum of the dark red
layer (layer 2) where the band at 1409 cm−1 indicates the addition of lead white and the band at 1099 cm−1 suggests the
presence of sulfates (probably calcium sulfate).

The cross-section analysis suggested that the original loincloth decoration was simple
as the artist used the white color of the ground layer. Additionally, we identified the
remains of the painted blood in the samples SSE-1 and SSE-2. The SEM-EDX (Table 2)
and μ-Raman (Figure 7b) results suggested that the artist used two different red pigments
applied in two layers; the first one contains vermilion (HgS), which has an intense red color,
while the second was made using a red lake, most probably a cochineal lake, to achieve a
darker hue to represent coagulated blood. The SEM-EDX results (Table 2) indicated the
presence of Al, K, and Si in the dark red layer, probably associated with the lake substrate
(alum [KAl(SO4)2·12H2O]) and traces of Cu, previously related to the use of insects for
the lake preparation [52]. Lead white was also added to the mixture, as suggested by the
SEM-EDX (Table 2) and μ-FTIR results (Figure 6g,h), probably as a drier [53].
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Table 2. SEM-EDX and spectroscopic results of the three cross-section samples analyzed.

Sample No. Layer Main Elements Trace Elements μ-Raman/μ-FTIR

SSE-1

3 White layer Ca, S - Gypsum (CaSO4·2H2O), animal glue

2 Dark red layer
(blood) Ca, S, Si, K, Pb, Al Cu Drying oil, Pb carboxylates

1 Red layer (blood) Hg, S, Ca Si Vermilion (HgS)

0 Ground layer Ca, S - Anhydrite (CaSO4), cellulosic
material, animal glue

SSE-2

6 White layer
(flesh-tones) Zn, Ba, S, Pb Fe, Ca, Cr, Si -

5 White layer
(flesh-tones) Pb - -

4 Yellowish layer
(flesh-tones) Pb, Ca, Cl -

3 Layer dark red
(blood) Ca, Si, Al, K, Pb, S Cu -

2 Layer red (blood) Hg, S, Pb Cu, Ca Vermilion (HgS)

1 Original
flesh-tones Ca, Pb - Cerussite (PbCO3)

SSE-5

6 White layer
(flesh-tones) Zn, Ba, S, Pb Fe, Ca, Cr, Si -

5 White layer
(flesh-tones) Pb Ca, Cl -

4 Yellowish layer
(flesh-tones) Pb Ca, Si, Cl -

0 Ground layer Ca, S - -

Figure 7. (a) SSE-1 cross-section, 20×; (b) Raman spectrum of the red layer (layer 1) of sample SSE-1, compared to that of
cinnabar; (c) Raman spectrum obtained from the upper white layer (layer 3) of SSE-1 compared to the spectra of anhydrite
and gypsum; (d) SEE-2 cross-section, polarized light, 50×; (e) Raman spectrum of the original flesh-tones (layer 1) compared
to that of cerussite.
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The original flesh-tones were rendered using lead pigments, as suggested by the
SEM-EDX results (Table 2) of sample SSE-2. In the μ-Rama spectrum (Figure 7e), the band
at 1053 cm−1, arising from the ν1(a’1) CO3

2−, suggested the presence of lead white [54],
mainly constitute by cerussite (PbCO3), which indicates an “inversed” proportion be-
tween cerussite (generally the minor component in the mixture) and hydrocerussite
(2 Pb3(CO3)2(OH)2) produced by acidic processing of lead white pigment by washing
or grinding with vinegar as suggested by Gonzalez [55].

The μ-FTIR analysis of sample SSE-1 (Figure 6e,g,h) suggests that the artist used a
drying oil as a binder due to the band at 1735 cm−1 from the ν(C=O) of the esters of the
oil. Additionally, the spectra showed the characteristic bands of degradation products
from the binder, such as free fatty acids (suggested by the band at 1710 cm−1 [56]) and Pb
carboxylates (associated with the band at 1517 cm−1 and a shoulder at 1539 cm−1 [56,57]).

3.5.2. Polychromy Modifications

The cross-section analyses allowed us to identify the modification to the original
polychromy. The loincloth was covered with gypsum (CaSO4·2H2O), identified by the two
bands at 3528 cm−1 and 3398 cm−1 from the νO-H, and the band at 1095 cm−1 from the
νS=O [50] identified in the μ-FTIR spectra (Figure 6f). Furthermore, the μ-Raman analysis
suggested that a small amount of anhydrite is also present (Figure 7c). Additionally, the
bands at 1651 cm−1 and 1544 cm−1 indicate the use of animal glue as a binder (inset
of Figure 6f).

Regarding the flesh-tones, we identified two over paintings; the first composed of a
double layer made of Pb-based pigments, mainly lead white, as suggested by the μ-Raman
and SEM-EDX results (Table 2 and Figure S4). In these two layers, the SEM-EDX detected
Cl, which can be associated with the presence of laurionite (PbCl2OH−) as a contaminant
from the Pb ore deposits [58] or by the use of the Dutch method—developed mainly after
the 16th century in the Netherlands—for the synthesis of lead white as suggested by Noun
and colleagues [55,59].

We supposed that the second over painting of flesh-tones was performed using
lithopone (ZnS, BaSO4, and traces of ZnO), as suggested by the presence of Zn, Ba, and S.
To obtain the required hue, other pigments containing Fe and Cr were added. The presence
of lithopone in this layer allowed us to date this modification to after 1874 [60].

4. Discussion

Before our study, some scholars, particularly Orozco [44], who was also involved
in the construction of the current Nuestra Señora de la Soledad church, suggested that the
sculpture was probably a substitution of the original because its characteristics, mainly the
polychromy and the hair, were atypical for the 16th-century maize stem images.

The multianalytical analysis allowed us to understand the complex structure of the
sculpture and confirm that it is the original (Figure 8). The artist considered the function of
the sculpture during the Holy Friday and the need for reinforcement in the areas subjected
to higher mechanical stress, such as the hands, feet, knees, arms, and the neck. In particular,
the wooden elements used to reinforce the neck and the modification of the hair, and
the upper part of the head may suggest that, originally, the head could move for the
representation of Christ and that, probably, a wig and metallic crown were applied, as was
usual for these kind of sculptures during the liturgical representations. However, a more
detailed investigation is required to confirm this hypothesis.

In addition to understanding the sculptural technology, based on the formal and
technical examination, we were able to associate the sculpture to the Cortés work-
shop, particularly to the production in the 1580s decade, and identify the changes
it has suffered over time. Indeed, the hollowed structure obtained using a two-half
mold is similar to the structure of other previously studied sculptures attributed the
Cortés workshop and can be associated to artists with a stronger influence of the Eu-

53



Heritage 2021, 4

ropean traditions (papelón or cartapesta) concentrated in the capital of the New Spain
viceroyalty [2,10,12].

Figure 8. General scheme of the Señor del Santo Entierro sculpture.

The polychromy modifications can be associated with changes in preference and
taste, particularly the flesh-tones. As the cross-section samples show, the profuse blooding
represented in the original polychromy, which is a characteristic of the Christ images of the
16th and 17th centuries, was covered and substituted with more decorous polychromy for
the tastes of the 19th century. Indeed, the Guadalajara cathedral, where the sculpture was
placed for several years, suffered a complete renovation during the 19th century to adapt it
to the neoclassical taste [61].

Finally, the presence in Guadalajara city of a sculpture made close to Mexico City
despite the vicinity of the Michoacán region, suggests a particular link between the con-
fraternity and the capital of New Spain. The acquisition of a statue produced in a specific
region can be linked to a particular interest on certain workshops. Further studies are
required to understand the trade routes of this typology of sculptures.

54



Heritage 2021, 4

5. Conclusions

Our study allowed us to recover the history, understand the technical characteristic of
both the structure and the polychromy, and correctly classify the Señor del Santo Entierro
sculpture, as well as to understand its changes through the centuries. We were able to
ascribe the sculpture to the Cortés workshop made around 1580. The analytical techniques
showed that the statue suffered several modifications related to the damage produced by
the constant use during the liturgical representations of the Holy Friday and to adapt it to
the modern aesthetic taste.

As this study has shown, the technological complexity of the low weight maize stem
sculptures requires a multianalytical approach, combining non-invasive and micro-invasive
methods, to understand the structure and the nature of the materials. These sculpture
techniques, which are not confined to Mexico, still require recognition around the world
for their correct classification and the understanding of the technical variations according
to the regions of productions. The historical investigations shed light on possible trade
routes, which required further studies both inside the Mexican territory and in other parts
of the Americas and Europe.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030085/s1, Figure S1: Location of some maize stem sculptures register in Mexico;
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Abstract: An illuminated Book of Hours (in use in Chalon-sur-Saône) currently owned by the Museo
Civico di Arte Antica and displayed in the prestigious Palazzo Madama in Torino (Italy) was
investigated by means of optical microscopy, fibre optic reflectance spectroscopy, fibre optic molecular
fluorimetry, X-ray fluorescence spectrometry and Raman spectroscopy. The aim of the scientific
survey was to expand the knowledge of the manuscript itself and on the materials and techniques
employed by Antoine the Lonhy, the versatile itinerant artist who decorated the book in the 15th
century. The focus was to reveal the original colourants and to investigate the pigments used in
rough retouches which were visible in some of the miniatures. The investigation was carried out in
situ by portable instruments according to a non-invasive analytical sequence previously developed.
It was evident that the use of different pigments by the master was ruled, at least partially, by a
hierarchical scheme in which more precious materials were linked to the most important characters
or details in the painted scene.

Keywords: non-invasive techniques; FORS; XRF; illuminated manuscripts; brazilwood; colourants;
Antoine de Lonhy; Torino

1. Introduction

The identification of the palette is among the various tasks of the scientific examination
of an illuminated manuscript. Techniques and materials for illumination are reported, in
principle, in some ancient manuals [1,2] which sometimes use colloquial names which may
not be reliable descriptors of the substances actually employed. The combined contribution of
researchers from the fields of natural sciences and humanities has shed light on this topic and
now the set of the most relevant inorganic colourants employed in illumination is known [1–5].
Nevertheless, the materials used to decorate a specific codex may not be accurately recognised
even by an expert eye, since different colourants may yield similar hues, they can be mixed to
obtain a particular colour or applied in multilayers and the original colour can be modified
and obscured by weathering [6,7]. Therefore, instrumental investigation still plays a crucial
role in the recognition of the materials that were actually employed.

The characterisation of the palette gives useful information for conservation and
also aids the selection of the proper conditions for preserving or exhibiting these fragile
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artworks. The determination of the original colourants within a manuscript may confirm
or reject its authenticity [8] or may suggest a date for its production, since the period in
which different colourants were in use is known. Moreover, a particular set of colourants,
along with the compositions of the material employed, may lead to the identification
of scriptoria and workshops or to the recognition of the intervention of different hands
upon a series of codices or within a single manuscript. More generally, the knowledge
of the materials employed expands the information available on a specific book, on the
artists who decorated it and on the institutional or private clients for which the book was
produced [9–12].

The choice of colourants used to decorate the various features is of particular interest
to art historians: precious pigments may be chosen for the most important details, while
more conventional materials might be used for less important details [1]. A hierarchy of
colourants, following the market values of the materials, can reveal the schemes pursued
by the artist in the representation of the various features. A commodity-related evaluation
of the colourants used in a manuscript can be highly informative about its intrinsic value.
These aspects usually receive very little attention in art historical studies.

With the aim of highlighting this specific topic, in this work we identified the colourants
and evaluated the overall palette employed on a 15th century Book of Hours (in use in
Chalon-sur-Saône) finely illuminated by the Burgundian painter Antoine de Lonhy.

Lonhy was a fascinating figure who was an itinerant artist active from circa 1446
to 1490 in Burgundy, Languedoc, Catalonia and in the Duchy of Savoy. His activity
is presently documented by a large variety of artworks, including paintings on wood,
frescoes, miniatures, cartoons for stained glass and embroidery [13–15]. A Book of Hours
was a Christian devotional book with prayers to be said at certain times throughout the
day. The small (17.2 × 11.7 cm) book investigated in this work consists of eighty-one pages
of vellum with ten large arch-topped miniatures (Table 1) and decorated initials.

Table 1. The subjects of the miniatures.

Folio Subject

1r Annunciation (Figure 1a)

15r Visitation (Figure 1b)

24r Nativity (Figure 1c)

28v Angel announcing the Nativity to the shepherds (Figure 1d)

31v Adoration of the Magi (Figure 1e)

36v Holy Family in the run to Egypt (Figure 1f)

42r God the Father and Jesus crowning the Virgin (Figure 1g)

46r Crucifixion, with the Virgin and St. John the Evangelist (Figure 1h)

49v Pentecost (Figure 1i)

71v Burial service (Figure 1j)

A rich naturalistic decoration, with acanthus, fruits and flowers, borders each page
(Figure 1a).

The manuscript was made approximately between 1446 and 1449 in Burgundy, during
the initial period of Lonhy’s activity, but besides this, very little information was available
about the manuscript until 1966, when it appeared in the catalogue of an auction house.
A description of what is known about the book and its history, as well as an exhaustive
review of the publications dealing with the versatile activity of Antoine de Lonhy has been
produced by Saroni [16]. The manuscript has been owned by the Museo Civico di Arte
Antica—MCAA—in Torino (Italy) since 2002 and it is currently displayed in the prestigious
Palazzo Madama, home of MCAA, with the signature Inv. n. 399. The museum’s collection
includes some other artworks of the artist, who is strongly linked to Torino itself and to the
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surrounding region (Piedmont). The book is in fact an important element for documenting
the figure of Antoine de Lonhy in his early years of activity.

     

(a) (b) (c) (d) (e) 

     
(f) (g) (h) (i) (j) 

Figure 1. (a) f. 1r, Annunciation. The main characteristics of the book (illuminated capital letters, rich four-side naturalistic
decorations, arch topped miniatures) are shown. (b) f. 15r, Visitation. (c) f. 24r, Nativity. (d) f. 28v, Angel announcing the
Nativity to the shepherds. (e) f. 31v, Adoration of the Magi. (f) f. 36v, Holy Family in the run to Egypt. (g) f. 42r, God the Father and
Jesus crowning the Virgin. (h) f. 46r, Crucifixion, with the Virgin and St. John the Evangelist. (i) f. 49v, Pentecost. (j) f. 71v,
Burial service.

Evidence of some conservation treatments and inpainting are present, although the
exact extension and the date of these treatments are unknown: the original bookbinding
was removed, the cover was substituted and some parts are missing whereas some pages
have been added. Additionally, the sequence of the devotional texts has probably been
modified. Rough retouches are evident on three miniatures and the presence of other, less
evident, interventions in the upper part of most of the other miniatures was suggested by
experts who examined the manuscript before its acquisition by the Museum.

As requested by the curator of the Museum’s collection, non-invasive techniques were
selected for investigating the colourants: optical microscopy (OM), fibre optic reflectance
spectroscopy (FORS), fibre optic molecular fluorimetry (FOMF), X-ray fluorescence spectrometry
(XRF) and micro-Raman spectroscopy (micro-Raman). Portable instrumentations were used
in order to keep the precious manuscript in the Museum during the scientific investigation.
Apart from identifying the original colourants, the investigation was extended to some evident
retouches in order to suggest a possible date for the interventions on the miniatures.

The results from these analyses show that the palette used by the artist was rich and
variegated and it is therefore a perfect candidate to testify how painters of manuscripts
exploited different colourants to express their art in the 15th century, with intrinsic meaning
beyond the mere colour.
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2. Materials and Methods

2.1. Digital Optical Microscopy

A Dino-Lite (Naarden, The Netherlands) AM413TL-FVW model optical microscope
was employed to record digital images from the parchment. The microscope allows
magnification in the range 20–90×.

2.2. XRF

XRF measurements were performed with an EDXRF Thermo (Waltham, MA, USA)
NITON spectrometer XL3T-900 GOLDD model, equipped with a Ag tube (max. 50 kV,
100 μA, 2 W), a large area SDD detector and an energy resolution of about 136 eV at 5.9 keV.
The analysed spot had an average diameter of 3 or 8 mm and was focused by a CCD camera,
with a working distance of 2 mm. The total time of analysis was 240 s. The instrument
was held in position with a moving stage allowing micrometric shifts, in order to reach
the desired probe-to-sample distance; the stage was laid on a tripod. The obtained spectra
were processed with the commercial software bAxil, derived by the academic software
QXAS from IAEA.

2.3. FORS

The FORS analysis was performed with an Avantes (Apeldoorn, The Netherlands)
AvaSpec-ULS2048XL-USB2 model spectrophotometer and an AvaLight-HAL-S-IND tung-
sten halogen light source with a wavelength range of 360–2500 nm; the detector and light
source were connected with fibre optic cables to an Avantes FCR-7UV200-2-1,5 × 100
reflection probe. In this configuration, light is sent and retrieved with a unique fibre bundle
positioned at 45◦ from the surface normal, in order not to include specular reflectance.
The spectral range of the detector was 200–1160 nm; depending on the features of the
monochromator (slit width 50 μm, grating of UA type with 300 lines/mm) and of the
detector (2048 pixels), the best spectra resolution was 2.4 nm calculated as FWHM. The
diffuse reflectance spectra of the samples were referenced against the WS-2 reference tile
provided by Avantes and guaranteed to be reflective at 98% or more in the spectral range in-
vestigated. The investigated area on the sample had a 1 mm diameter. In all measurements
the distance between the probe and the sample was kept constant at 2 mm, corresponding
to the focal length; the probe was inserted into a small aluminium block. To visualise the
investigated area on the sample, the block contained a USB endoscope. The instrumental
parameters were as follows: 10 ms integration time, 100 scans for a total acquisition time of
1.0 s for each spectrum. The system was managed with AvaSoft v. 8 dedicated software
running under Windows 7.

2.4. FOMF

An Ocean Optics (Dunedin, FL, USA) Jaz model spectrophotometer was employed to
measure the molecular fluorescence spectra. The instrument was equipped with a 365 nm
Jaz-LED internal light source and an Avantes FCR-7UV200-2-1,5 × 100 reflection probe used
to drive excitation light on the sample and to recover emitted light. The spectrophotometer
was working in the range 191–886 nm; according to the features of the monochromator
(200 μm slit width) and the detector (2048 elements), the spectral resolution available was
7.6 nm calculated as FWHM. The investigated area on the sample was 1 mm in diameter.
In all measurements the distance between the probe and the sample was kept constant at
1.2 mm, corresponding to the focal length; the probe was inserted into a small aluminium
block in order to exclude contributions from external light. To visualise the investigated
area on the sample, the block contained a USB endoscope. Instrumental parameters were
as follows: 3 s integration time, 3 scans for a total acquisition time of 9 s for every spectrum.
The system was managed with SpectraSuite software running under Windows 7.
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2.5. Micro-Raman

Raman analysis was performed with a portable system assembled by Horiba Jobin-
Yvon (Villeneuve d’Ascq, France). The system is composed of a microHR spectrometer
with a spectral resolution of 5 cm−1; a CCD Synapse detector; a ModularHead analytical
probe containing a video camera for visualisation of samples, a notch filter for elimination
of Rayleigh radiation and a microscope objective (20×, 50× or 80×); a tripod to support
the analytical probe, equipped with an XYZ stage with micrometric movements to allow
accurate focusing; an Ar 532 nm and a He-Ne 632 nm lasers; optic fibres to carry laser
radiation on the sample and Raman radiation to the spectrometer. The system is managed
with LabSpec 5 dedicated software running under Windows XP.

2.6. Preparation of Standard Paints

In order to identify the colourants present in the manuscript under study, a spec-
tral database was built by measuring FORS and micro-Raman spectra of reference paint
samples applied on parchment. These were prepared in our laboratory by employing
pictorial materials according to the indications contained in medieval treatises [1,2,4]. In
consideration of the painting techniques mostly used by ancient illuminators, two binders
were used to disperse pigments and lakes: egg white tempera and gum Arabic.

2.7. Analytical Workflow

In order to optimise the workflow, we employed an analytical protocol which had
been developed previously [17]. A preliminary inspection of the painted areas under high
magnification optical microscopy (up to 80×) was undertaken in order to highlight their
micro-texture and to select the most significant spots for instrumental analysis. The chosen
analytical techniques were employed sequentially, following the investigation protocol.
Firstly, a large number of spots were investigated by FORS. This allowed areas to be
identified with similar reflectance spectra, which can be attributed to the presence of the
same materials. In several cases, the comparison of the obtained spectra with those collected
in the spectral database (see Section 2.6), along with indications from literature [18,19],
allowed for the colourants employed to be determined directly.

A second survey was performed with FOMF, which enabled some of the identifications
obtained by means of FORS to be confirmed.

XRF spectrometry was then employed to obtain in-depth information on the underly-
ing layers of paint and the selective identification of the colourants through the detection
of key elements that can be linked to one specific pigment. XRF is of particular interest
in identifying metal pigments and white/black colourants; in addition, this technique
can yield information concerning the provenance of raw materials [20]. With only a few
exceptions, organic dyes cannot be identified with this technique.

Lastly, Raman spectroscopy was employed to reveal the identity of those colourants
that were still unknown and to confirm the presence of the pigments that had been identi-
fied by the other—less selective—techniques.

3. Results

The palette used by the miniaturist is described in the following paragraphs. In
addition to the identification of colourants, the discussion will focus on the choice of the
colourants in the pictorial scene.

3.1. Black Pigments

Most of the black areas in the illuminations consist of small details such as floor-tiles
(ff. 1r and 49v, Figure 1a,i) or shoes (ff. 28v and 36v, Figure 1d,f), which were painted next
to green areas. The spectral features shown by FORS analysis revealed the presence of a
carbon-based pigment, but these areas also yielded intense signals from copper and zinc
when analysed by XRF. This suggested the presence of a copper green pigment spread
under the black one (see later).
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3.2. Blue Pigments

Two main blue pigments were identified in the miniatures, i.e., azurite and ultramarine
blue, according to their characteristic absorption bands at 640 and 600 nm, respectively.
Two different cases were recognised in the spectra from the blue areas of the Book of Hours,
each associated to a different blue hue. An exemplary case is reported in Figure 2a: the
Virgin’s mantle on f. 1r shows bright and dark blue hues employed to paint the drapery.

  
(a) (b) 

Figure 2. (a) Micro-photography (80×) of the mantle of the Virgin on folio 1r. The presence of different blue shades is made
more evident by the white border line. (b) Selected FORS spectra representative of the different blue shades. The blue line
represents spectra collected from darker blue areas within the miniatures and points to the presence of ultramarine, the red
line represents spectra collected from lighter blue areas within the miniatures and of the blue areas in the decorations on
page borders and capital letters and points to the presence of azurite.

The two different hues revealed by the FORS spectra can be related to the use of different
pigments: the spectra from the brighter areas show a broad absorption band centred at about
635–640 nm, thus pointing to the presence of azurite, whereas the band centred at about
610–615 nm in the darker areas suggests the use of ultramarine blue (Figure 2b).

The presence of both pigments, and specifically of ultramarine blue applied over the
azurite layer for darkening the colour in the miniatures, was confirmed by micro-Raman
by focusing the analysis on grains of the two pigments. This was also was the case for the
blue skies, for which the FORS spectra suggested the presence of azurite in the brighter
areas and the use of ultramarine blue to darken the colour. The bathochromic shift of the
absorption band for ultramarine blue (610–615 nm in place of the expected 600 nm) can
be justified by considering the application of this pigment as a thin layer on top of the
underlying azurite layer and therefore the final spectrum contained contributions from
both pigments. This feature was verified with mock-ups prepared in the laboratory.

The blue decorations on the page borders instead gave FORS spectra that could be
attributed to the presence of azurite alone, both in the lighter and darker areas: here the
brightness of the colour was adjusted by mixing azurite with a white pigment.

All the XRF spectra collected from the dark and bright areas in the miniatures and
from the blue decorations on the page borders showed intense copper signals, as well as
signals of barium and zinc; these latter elements were indicated in the literature as possible
impurities of natural azurite [11,21], since their presence can be related to the geo-chemical
processes of formation of the deposits. A fairly linear relationship between the counts of
copper and barium and between those of copper and zinc emerged (Figure 3) and seems to
confirm the use of natural azurite throughout the manuscript. More evidence of the natural
origin of azurite, as suggested by Aru et al. [22], could be the presence of iron oxides: we
did not identify such accessory phases, but the counts of iron in the XRF spectra of the blue
areas were on average 4 times higher than in the spectra of parchment.
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Figure 3. Bivariate plot for XRF signals of copper (Kα line, 8.05 keV) vs. barium (red dots, Lα line,
4.47 keV) and zinc (blue dots, Kα line, 8.64 keV) recorded from blue areas in the miniatures. Regres-
sion lines with coefficients R are indicated.

The results obtained by XRF on those areas where ultramarine blue was present
deserve some discussion. Portable XRF instruments, that do not operate under vacuum,
are generally not able to detect weak XRF signals from light elements such as sodium,
aluminium and silicon, which are the main constituents of lazurite—Na3Ca(Al3Si3O12)S—
i.e., the blue mineral that gives the pigment its rich colour. The intensity of the calcium
signals from the dark blue areas did not significantly differ from those obtained from
the parchment, where this element is present due to the alkaline treatments with calcium
hydroxide that occurred in the production procedures. Signals from sulphur, which is
present in the structure of ultramarine blue, were detected from the dark blue areas, but
this element cannot be considered as a selective marker for this pigment because it can be
present in parchment itself; moreover, it is difficult to separate the S Kα line at 2.31 keV
from the Pb Mα line at 2.34 keV and lead is usually present as lead white to tune the
blue colour. Nevertheless, the XRF spectra recorded in dark blue areas, in which FORS
and spectra Raman indicated the presence of ultramarine in the superficial layer of the
miniature, differed from those recorded from the bright areas of pure azurite because of the
systematic presence of high signals of potassium. No further indication could be derived
from the other analytical techniques employed; therefore, possible explanations for the
presence of this element in the ultramarine layers could be related to the phenomenon of
vicariance between the sodium ions present in lazurite and the potassium ions present in
the environment of formation of the rock (similar to that occurring in pyroxenes between
Mg2+ and Mg-vicariant ions [23]), or to the processes adopted for the purification of the
pigment (that employed potash according to Cennini [4]) or even to the possible addition of
extenders to the precious pigment. Ultimately, the presence of potassium can be considered
a potential elemental marker for ultramarine blue in cases where Al, Si and S cannot be
clearly detected.

3.3. Brown Pigments

The brown colour was mainly used to depict architectural features, such as the inside
of the huts on ff. 24r and 31v (Figure 1c,e). In all cases, the pigments used were iron oxides
or iron-rich red earths, according to the features of the FORS spectra and to the dominant
presence of iron evidenced by XRF. It was not possible to obtain a better identification by
means of Raman spectroscopy. Some of these pigments, however, were probably related to
later retouches (see Section 3.11 for further details).
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3.4. Green Pigments

All the reflectance spectra of the green hues were bell-shaped in the visible region
of the spectrum, with a reflectance maximum in the range 520–575 nm. The absorption
band in these spectra systematically occurred at ca. 750 nm (Figure 4a), which is not fully
compatible with the feature of verdigris (720 nm) nor with that of malachite (800 nm) [24].

  
(a) (b) 

Figure 4. (a) selected FORS spectra representative of the different green shades. The green lines are spectra collected from
green areas within the miniatures, the top yellow-green lines are spectra collected from yellow-green areas within the
miniatures. (b) Bivariate plot for XRF signals of copper (Kα line, 8.05 keV) vs. zinc (Kα line, 8.64 keV) recorded from green
areas in the miniatures; the regression line with coefficient R is indicated.

The XRF analysis detected strong copper signals, as well as weak zinc signals, that
showed a linear trend when plotted on a graph (Figure 4b). Zinc ores are described as
being contaminants of copper ores [21], therefore this relationship would suggest the use
of a natural copper compound.

Unfortunately, with the configuration used, the micro-Raman equipment did not
allow us to gain molecular information from the green pigment present and so the actual
nature of the pigment remained unknown. A consideration of the features of the FORS
spectra and a comparison with those obtained on other coeval Book of Hours manuscripts
produced in the same area [25,26] suggest the use of a copper sulphate, such as brochantite
or antlerite, as the green pigments. To support this tentative identification, the presence of
S was suggested by the XRF spectrum, though again, as in the case of ultramarine blue, it
could not be definitely confirmed due to the proximity of the S Kα line at 2.31 keV with the
Pb Mα line at 2.34 keV.

The spectral range of the reflected light (see the two top spectra in Figure 4a with
reflection maxima shifted towards NIR) determines the different shades (green to yellow-
green) observed among the painted green areas. These shades were obtained by mixing a
green and a yellow pigment, as was evident from observations of the green areas under
the optical microscope (Figure 5).

In such yellow-green areas, significant tin and lead signals were also detected. More-
over, an evident correlation emerged among the XRF signals for tin and lead (not shown),
and this strongly suggests the use of lead-tin yellow to brighten the colour. The presence of
lead-tin yellow type I which was also used as pure yellow pigment (see Section 3.9), was
also confirmed by micro-Raman analysis. The use of lead-tin yellow to modify the tonality
of green pigments has already been noted in other works [25,26].
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Figure 5. Micro-photography (80×) of yellow-green meadows in the background of Saint Elisabeth
and the Virgin on f. 15r (Visitation, Figure 1b): green and yellow particles are clearly visible.

3.5. Grey Pigments

Grey horizontal bands are present at ff. 31v (Figure 1f) and 46r (Figure 1h) in the top
part. At f. 71v (Figure 1j) the vaults are rendered in grey too. In all cases, silver was used as
evidenced by the XRF analysis. As will be discussed in paragraph 3.11, it seems that this
was a later intervention and was therefore not due to Antoine de Lonhy.

3.6. Pink/Purple/Violet Colourants

Hues ranging from pink to violet are used extensively throughout the miniatures.
They were employed for painting the garments worn by anonymous shepherds as well as
the rich mantles of God the Father and Christ. The observation under high magnification of
areas painted in pink allowed the use of a mixture of blue and red pigments to be excluded
as a potential explanation for obtaining this hue (Figure 6a). Instead, the presence of a pink
colourant was also observed. Sporadically, the presence of blue and/or white particles was
also evident, thus indicating the use of a blue pigment to tune the final hue towards violet
and of a white pigment to brighten the colour.

  
(a) (b) 

Figure 6. (a) Image under 80× magnification of a pink area. (b) FORS spectrum in Log(1/R) coordinates of a pink area
(pink line, namely the coat of the Angel on the right side at f. 1r, Figure 1a) and of a violet area (violet line, the sky on top at
f. 42r, Figure 1g).

The numerous FORS spectra collected from the pink areas showed rather homoge-
neous spectral features. In particular, they were characterised by an inflexion point in the
range 595–600 nm, an absorption band centred at 555 nm and a reflection maximum in the
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range 475–500 nm (Figure 6b; spectra are shown in Log(1/R) coordinates to better appre-
ciate the absorption features). These features, when compared with the spectra obtained
from our reference palette and according to the indications given by Melo et al. [25] and by
Roger et al. [27], point to the presence of brasilwood lake, a colourant obtained by adsorb-
ing dyes extracted from the wood of various species of Caesalpinia trees on alum, chalk,
lead white or gypsum. The identification was confirmed by the FOMF analysis that yielded
emission bands at 604 and 625 (data not reported). Brasilwood was in use throughout the
Middle Ages. It was mentioned by Cennini [4] with regards to improving the colour of
ultramarine blue. It was also used by 15th century Parisian miniature painters [27] who
preferred it to insect dyes and madder. In the present case, brasilwood was also used on a
layer of azurite to obtain a violet-purple tone, such as in the wall behind the angel at f. 1r
(Figure 1a) or in the wall and in the background at f. 42r (Figure 1g), or to highlight red
areas, such as in the orange at f. 24r (Figure 1c).

XRF detected intense signals from lead in purple areas. This could be related both
to the presence of lead white used to brighten the colour and to its use as the inorganic
substrate for the organic dye to prepare the lake pigment. Weak signals of copper (and
of barium), detected in a few of the analysed spots imply that the blue grains that were
sporadically observed under 80× magnification are those of azurite, which is coherent
with their absorption features detected at 571 and 640 nm in the violet spectrum shown in
Figure 6b. However, it was not possible to obtain micro-Raman signals from the purple
pigment due to the strong fluorescence that obscured the weak Raman signals (if any).

3.7. Red Pigments

Spectra recorded by FORS on red areas showed the typical sigmoid shape that char-
acterises the reflectance spectra of warm hues within the visible region. For these hues,
the wavelength associated to the point of inflection in the reflectance spectrum may be
indicative of a specific pigment [24], though this spectral feature could shift depending on
the concentration of the pigment or if an achromatic colourant is added. With regards to the
FORS spectra recorded on red areas of the Book of Hours (both miniatures and floral decora-
tions on page borders), two main groups of spectra were observed. These two groups can be
clearly distinguished by the different position of the inflection point of the sigmoid-shaped
portion of the spectra (Figure 7). In one group, this feature was observed at 600 nm, whereas
in the other group it occurred at a significantly lower wavelength (565 nm).

 
Figure 7. Selected FORS spectra representative of the two groups of spectra collected from red areas.
Red line: spectrum obtained from the red vest of one of the Magi in the miniature on f. 31v (Figure 1e);
blue line: spectrum obtained from the red acanthus on the upper part of f. 1v. The inflection points
suggest the presence of red lead in the miniature and vermilion in the decoration on page borders.
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These results suggested that two different pigments were used for reds: cinnabar or
vermillion (HgS; it is not possible to distinguish between the natural and the synthetic
version) and minium or red lead (Pb3O4), respectively. Both XRF and micro-Raman analysis
confirmed the presence of these pigments. In fact, the XRF analysis revealed intense Pb
signals in those areas in which the FORS analysis suggested the presence of red lead;
moreover, the micro-Raman spectra of this pigment (with characteristic signals at 120,
150 and 550 cm−1) were recorded from red particles in the same spots. The presence of
cinnabar/vermillion was confirmed both by the occurrence of mercury, detected via XRF,
and by the characteristic micro-Raman spectrum, i.e., a strong band at 254 cm−1 with a
weak shoulder at 280 cm−1 and a less intense band at 340 cm−1.

No red lead was detected in the decorations on the page borders and in the red letters
throughout the written text, where only vermillion was used to paint red. This is consistent
with a procedure involving another artisan with a different palette who decorated these
parts of the manuscript. The hypothesis of a different artist working at the page borders, a
less important part of the decoration, is more than reasonable if we consider that usually
the decoration of a manuscript was more of a group work, in which the most important
artist devoted himself to the most important aspects, namely the main miniatures.

3.8. White Pigments

The white pigment employed throughout the manuscript was identified as lead white.
In fact, the micro-Raman spectra of the white particles showed the sharp band at 1049 cm−1

that characterises this pigment, whereas XRF data resulted in very high lead signals that
emerged in most of the XRF spectra collected from the manuscript. This suggests that lead
white was used, by itself or mixed with other pigments, as a primer under the illuminations.
The most relevant exceptions are the areas painted with gold or mosaic gold, in which very
weak signals of lead were detected.

3.9. Yellow and Yellow-Brown Pigments

The set of FORS spectra collected throughout the manuscript were mainly char-
acterised by sigmoid-shaped spectra with points of inflection within 480 and 560 nm.
According to this feature, four different yellow colourants could be hypothesised after the
FORS survey and the use of the other techniques allowed us to confidently identify the
following yellow pigments.

1. In one instance, e.g., in the spectrum recorded from the apostle’s yellow tunic in
the miniature representing the Pentecost on f. 49v (Figure 1i), the inflexion point
was at ca. 480 nm. In this case, the comparison with the spectra collected from the
reference palette indicates the presence of either lead-tin yellow type I or orpiment.
The presence of lead-tin yellow was also suggested by the intense signals of these two
elements in XRF spectra and finally confirmed by micro-Raman analysis, which also
assessed the crystalline structure of the compound as type I [28].

2. As with other yellow-brown hues, the FORS spectra and XRF analysis suggested the
presence of yellow ochre or other iron-based pigments, according to the minimum at
ca. 890 nm, an inflection point at ca. 570 nm, the typical shoulder at 450 nm and the
identification of iron by XRF. High fluorescence prevented obtaining Raman spectra.
These features were shown, for example, on the inner part of the aedicule on f. 1r
(Figure 1a), as well as the Cross and the ground of the Golgotha in the Crucifixion on f.
46r (Figure 1h).

3. Other yellow areas, appearing darker with respect to those mentioned above, showed
glittering particles on a dark-yellow background when observed under 80× magnifi-
cation. The texture of these particles showed a coarser grain size (Figure 8).
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(a) (b) 

Figure 8. (a) Micro-photography (80×) of the golden architecture on f. 1r. (b) Micro-photography (80×) of the glittering
details on the rock painted in the picture background on f. 15r (Figure 1b).

The FORS spectrum showed an inflexion point at ca. 530 nm, which is consistent with
the feature of mosaic gold (also called purpurin–SnS2) [24], a well-known substitute for
gold which is typical of medieval miniature painting. XRF analysis confirmed the presence
of tin and sulphur, as did the micro-Raman analysis that yielded spectra showing a very
intense peak at 321 cm−1 (Figure 9).

 
Figure 9. Raman spectrum obtained from brown-yellow areas revealing tin sulphide.

The Raman spectra of Sn(IV) sulphide reported in the literature [29] shows an intense
signal at slightly lower frequency (313 cm−1), therefore one can assume that different recipes
could yield different molecular structures that may give slightly different Raman responses.

4. Finally, finer glittering particles were identified by XRF as gold; these areas also
yielded a FORS spectrum with the typical inflexion point of gold at ca. 505 nm [24].
Powdered gold was used here, in the same way as other pigments, mixed with a
medium and spread as a thin film with a brush; since the “ready to use” pigments were
generally kept in shells, this technique is referred to as “shell gold”, to distinguish it
from the gold leaf technique, in which a very thin leaf of gold adheres on the vellum
by means of an adhesive [30].
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In the page borders decorations, the large yellowish leaves were obtained by spreading
a thin layer of shell gold.

Gold was also employed for the haloes, executed using the gold leaf technique. In
these areas XRF analysis also revealed calcium, sulphur and weak signals of copper and
iron, in addition to gold. These traces of copper and iron are possibly related to impurities
in the gold leaf while the high XRF signals from calcium and sulphur, significantly higher
than those obtained from the unpainted parchment, indicate the use of gypsum in the
typical asiso ground for gold, used in the Middle Ages starting from the 13th century [30].

3.10. Black Ink

The black ink used for writing all through the manuscript was composed of iron-gall
ink, as revealed by the characteristic FORS spectrum with the reflectance level raising in
the NIR [31]. The metal composition of ink is homogeneous in all the pages, being rich in
iron and copper; at f. 9r a different ink, richer in copper and zinc, was highlighted (XRF
spectra in Figure 10a), giving material evidence to the hypothesis of a later insertion for
this folio, as suggested by the different style in the writing (Figure 10b,c).

   
(a) (b) (c) 

Figure 10. (a) XRF spectra of the black inks at f. 9r (red line) and at f. 42r. (blue line). (b) Black ink at f. 9r (later addition). (c)
Black ink at f. 3r (original).

3.11. Retouches

Many of the (more or less evident) retouches are in the upper part of the miniatures,
where the analysis detected, in some cases, the presence of pigments that differed from the
original ones. The miniature on f. 31v (Figure 11a) appeared coarsely retouched: a large
grey band was apparently added on the original picture, and it was apparent that the sky
could have been completely repainted.

Inspection under high magnification supported these hypotheses, since the texture
of the blue pigments was completely different from that observed in the original parts
(Figure 11b), with blue particles of sub-micrometric size. Micro-Raman signals obtained in
these areas are reported in Figure 12 and revealed the presence of phthalocyanine blue, a
synthetic pigment available since 1935 (bands at 490, 596, 682, 747, 950, 1140, 1207, 1335,
1443, 1523 and 1569 cm−1). Signals of lazurite (bands at 263, 550 and 1092 cm−1), possibly
pertinent to the original layers, were also detected.
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(a) (b) 

Figure 11. (a) Miniature on f. 31v. Retouches in the upper part of the picture and in the hut are visible. (b) Micro-photography
(80×) of the blue sky close to the grey retouch.

 
Figure 12. Raman signals recorded from the blue sky on folio 31v (top), from natural ultramarine
spread on parchment with gum Arabic (middle) and from phthalocyanine blue spread on parchment
with gum Arabic (bottom).

On examination, the grey band was attributed, via XRF, to a layer of powdered silver.
Besides silver signals, XRF revealed here the presence of titanium, which points to the
use of another modern pigment, i.e., titanium white (TiO2). The lack of any micro-Raman
signals from this compound, which is a strong Raman scatterer, suggests that titanium
white was used to mask the underlying picture prior to the laying of silver powder which
was presently darkened by weathering.

A similar rough intervention is visible on f. 46r (Figure 1h), where a grey band was
added to the lower part of the sky; here again, a possible intervention on the sky itself
was suggested. However, despite the various macroscopic similarities between the two
restoration interventions on ff. 31v and 46r, instrumental investigation did not give us any
incontrovertible evidence that they were carried out at the same time by the same restorer.
In fact, glittering silver particles observed in the grey band under the microscope on f. 31v
appeared significantly coarser than those observed on f. 46r (Figure 13).
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(a) (b) 

Figure 13. (a) Micro-photography (40×) of the grey bands on f. 31v. (b) Micro-photography (40×) of the grey bands on
f. 46r. Different dimensions of the silver particles are evident.

XRF confirmed that silver was employed in both interventions, but it did not show
the presence of titanium on f. 46r, thus pointing to a different silvering technique. With
regards to the blue pigments, the Raman investigation carried out on f. 46r indicated the
presence of ultramarine blue, whereas the presence of phthalocyanine blue found on f. 31v
was not detected; also, the FORS spectra pointed to the presence of azurite and ultramarine,
i.e., the same pigments originally employed by Antoine de Lonhy. Moreover, under the
microscope the sky of the miniature on f. 46r presents a micro-texture resembling that of
other original parts painted with the same pigments. These results suggest that the restorer
who painted the silvered band around the Cross on f. 46r spared the sky above it.

A peculiar case is the dark vaults above the main characters in the funerary scene at f.
71v (Figure 1j). Here, the morphology of the silver particles and the absence of titanium
seems similar to those employed in retouches on f. 46r. However, the XRF analysis revealed
the presence of gold, indicating the original presence of a golden architecture, possibly
similar to that still visible in the miniature on f. 1r (Figure 1a) but covered at a later date
with silver that now appears darkened.

The analysis of the sky also did not highlight any proof of retouched areas, suggesting
that the sky here was spared by the restorer. The same holds for other miniatures: no
clues of the use of modern materials emerged after the evaluation of micro-textural and
compositional characteristics, revealing the sole presence of blue pigments that are fully
comparable, from a compositional and morphological point of view, with the original ones.

Retouches on browns at ff. 24r and 31v (Figure 1c,e) are clearly visible to the naked
eye. FORS spectra from the dark brown interior part of huts yielded evidence of iron oxide
pigments, similar to those obtained from other brown untouched areas present in other
folios. The XRF analysis of the repainted areas, however, showed lower iron signals with
respect to the original iron oxide pigments; moreover, in all the retouched areas, signals
of chromium and cobalt, very similar in intensity, were detected, whereas in the original
brown pigments these elements were undetectable. These data strongly suggest that ff.
24r and 31v were modified by the same hand; unfortunately, a strong fluorescence band
prevented the collection of micro-Raman signals which could have better elucidated the
nature of the brown pigment.

4. Discussion

As highlighted by the results of the scientific investigation, the palette used by Antoine
de Lonhy for this Book of Hours is rich and variegate (Table 2). The results also show how
the different colourants were used in the decoration of the book, which may give further
information and allow a comparison with the palette from the coeval manuscripts.
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Table 2. The palette identified in the decoration of the Book of Hours.

Colour Colourants

Black carbon pigment

Blue
ultramarine blue

azurite
phthalocyanine blue 1

Brown
iron oxides

iron earths 1

Green brochantite

Grey Silver 1

Pink brasilwood

Red
cinnabar

red lead

Violet brasilwood/azurite

White lead white

Yellow

gold leaf
shell gold

mosaic gold
lead-tin yellow type I

yellow ochre
1 possibly related to retouches.

4.1. The Hierarchical Use of Colourants

It emerges that—for blues, reds and yellows—different colourants were used for the
same hue, and some kind of hierarchical scheme can be highlighted for the miniatures
painted by Antoine de Lonhy. We are not talking here about the hierarchy of colours, an
aspect on which there is a very wide coverage [32,33], but rather the hierarchy of the
colourants inside the different colours. To investigate this topic, we can start from the
commercial aspects discussed by S. Nash [34] in her study on the proofs of payment for
artistic materials supplied to the court of the Dukes of Burgundy from the 14th to 15th
centuries, which are now conserved in the Archives Départementales de la Côte-d’Or in
Dijon (France).

4.1.1. The Use of Blues

In the Middle Ages the blue pigments were among the most expensive colourants. This
is well known for ultramarine blue, due to the difficulty of supplying the stone lapis lazuli—
from which ultramarine blue was prepared—from Afghanistan. Nevertheless, the best-
quality azurite was also far more expensive than nearly all other colourants [34] (p. 130),
including organic blue pigments such as indigo and woad. Therefore, it is interesting to
understand how the artists managed the hierarchy of the blue pigments. There was a wide
difference in price between ultramarine blue and azurite. Nash [34] (pp. 125–130) reported
a cost of 128 FRF/lb for fin azur d’Acre, a term associated by the author to ultramarine
blue, while azur d’Alemaigne (azurite from Germany) ranged between 1 and 20 FRF/lb.
Delamare [35] (p. 132) estimated that in the Renaissance, the cost of ultramarine blue
was up to 400–500 times that of azurite. The study by Kubersky-Piredda on the trade of
colourants in Florence during Renaissance [36] reported a price ranging between 500 and
16.800 soldi/libbra for ultramarine blue and between 40 and 400 soldi/libbra for azurite.

However, in the miniatures of the Book of Hours it seems that Antoine de Lonhy used
the two blue pigments in chromatic combination rather than as alternatives. In the mantle
of the Virgin at f. 1r (Figure 1a), for example, he used azurite as the base and ultramarine
blue for highlighting. The same holds true for the skies present in all the miniatures.
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Therefore, we may suggest that the artist used the blue pigments according to their tone
rather than their price.

4.1.2. The Use of Reds

Although the contextual presence of vermillion and red lead in a medieval manuscript
is not surprising at all, the use of these two pigments within the Book of Hours deserves
some discussion. The difference in price is well documented; Nash [34] (pp. 143–146)
reports that vermillion was sold for about four times the price of red lead.

The hierarchy followed by the author for red pigments is somewhat different than
that for the blues. Red lead was used throughout the miniatures, where it was the main red
pigment employed, while vermillion was then applied over the red lead to darken the hue
and to heighten the red mantles of some characters, in a way similar to the combination of
azurite and ultramarine blue. However, a more hierarchical use is apparent in the depiction
of the blood of Jesus trickling from his hands and chest in the Crucifixion (f. 46r, Figure 1h),
for which Antoine de Lonhy reserved the more precious vermillion.

4.1.3. The Use of Yellows

The choice of yellow pigments is perhaps the most remarkable from the hierarchical
point of view. Antoine de Lonhy used five different pigments for this colour: shell gold,
gold leaf, mosaic gold, lead-tin yellow type I and yellow ochre. Examples are reported in
Figure 14.

   
(a) (b) (c) 

Figure 14. Examples of use of yellow pigments in the Book of Hours.◻: mosaic gold;∎: lead-tin yellow type I; �: gold leaf;
•: shell gold; �: yellow ochre. (a) f. 15r, Visitation. (b) f. 46r, Crucifixion. (c) f. 49v, Pentecost.

Shell gold was of course the most expensive of the set. It was used by Antoine de
Lonhy to paint various details in the miniatures, such as the bench that holds Christ and
God the Father in the miniature depicting the Coronation of the Virgin on f. 42r (Figure 1g),
as well as the garments of some characters: examples are Saint Elisabeth’s tunic on f. 15r
and the tunic of the apostle sitting on the right hand of the Virgin as well as the mantle of
the apostle on the right part of the picture in the miniature depicting the Pentecost on f. 49r.
Apparently, the painter chose the precious shell gold here in order to stress the relevance of
the characters who deserve the most precious materials.

Lead-tin yellow type I or giallolino was considered quite valuable: its cost could be
double that of orpiment [34] (pp. 151–152) and was much more than the various types
of yellow ochres. Despite this, in the Book of Hours lead-tin yellow was used mostly in a
mixture with a green copper pigment (see Section 3.4) to modify its tonality but rarely as
pure yellow pigment, perhaps only for the coat of an apostle, probably St. Peter, praying
in the left part of the miniature in the Pentecost on f. 49v. The fact that this pigment was
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reserved for this specific apostle would suggest an intentional use somehow linked to the
identity of the character. In fact, St. Peter is an important apostle because it was to him that
Christ entrusted the keys of heaven.

It is difficult to estimate the ranking of mosaic gold. Nash [34] does not report
information for this synthetic pigment. A reference [37] can be found in a Taxa, i.e., a
price list, issued in 1568 in the town of Liegnitz (Silesia, Poland) in which Aurum musicum
(mosaic gold) is cited among the most expensive Colores or materials for painting, with a
price 6 times that of Aurum pigmentum (orpiment), 12 times that of Bley gelb (lead-tin yellow
or massicot) and 12 times that of Ocker gelb (yellow ochre). N. Turner, in her commentary
study on Johannes Alcherius [38], suggested that mosaic gold, rather than being used by
illuminators as an inexpensive substitute for gold leaf and shell gold, could have been used
alongside them to expand the range of golden hues. In the Book of Hours considered here,
mosaic gold was used to paint secondary subjects such as the rocks in the background on ff.
15r and 28v (Figure 1b,d), or the straw roof of the hut of the Nativity in the illuminations on
ff. 24r and 31v (Figure 1c,e). Only one instance was found where shell gold had been used
instead of the less precious mosaic gold, i.e., the rocks in the background of the illumination
depicting the Virgin and the infant Jesus in the run to Egypt (f. 36v, Figure 1f), in order to
highlight these details.

Last in ranking were the yellow ochres, which are by far the cheapest pigments in the
lists reported by Nash [34] (pp. 155–157). Examples of their use are the inner part of the
aedicule on f. 1r (Figure 1a) and the Cross and the ground of the Golgotha in the Crucifixion
on f. 46r (Figure 1h).

4.2. Comparison with Other Works

There are few diagnostic works in which the hierarchy of colourants is discussed from
the analytical point of view. Clark [9] cited the medieval practice of using the most valuable
colourants, with particular reference to blue pigments, for the most important subjects
inside a painting, but gave no specific information on the items analysed.

Bruni et al. [39] studied the decoration of a 15th century parchment folio kept at
Archivio di Stato in Milan, originally commissioned by Francesco Sforza. The work is
attributed to the Italian artist Michelino dei Molinari. The hierarchy of the colourants used
by the artist was similar to that used by Antoine de Lonhy in the case of red pigments: the
Child’s vest, the tongue of a green dragon and the red initial capital letters in the text were
painted with vermilion, whereas a red flower below the dragons was obtained by a mixture
of red lead and vermilion. However, it was different in the case of blue pigments, since
ultramarine blue and azurite were used separately for features with different symbolic
value: the former was used for the mantle of the Virgin Mary and the Sforza’s Biscione (the
symbol of the Sforza dynasty), while the latter was used only for the initial capital letters
in the text.

On the other hand, Bersani et al. [40], in a study on the ms. Pal. 212 (Biblioteca Palatina
in Parma, Italy), a Book of Hours with 14th century miniatures produced in Bruxelles, found
an unusual hierarchy of blue pigments, with azurite used in the central painting to realise
the mantle of the Virgin Mary, one of the most important subjects of all illuminated books
and lazurite used for the decoration of the frame, a feature undoubtedly less important.
The authors attributed this unusual choice to the unavailability of lazurite for the artist
who decorated the central painting. In the end, therefore, the choices of the artists follow
their decorative schemes, but they are related to the availability of materials.

Of course, the hierarchical use of colourants can be found in other types of paintings.
In the study by Edwards et al. [41] on the wall paintings of the Church of SS Cosmo and
Damian in Basconcillos del Tozo (Castille y Léon, Spain), the authors highlighted the
selective use of the precious cinnabar for the most important biblical figures.
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4.3. Comparison with Coeval Manuscripts

It is interesting to note that a relatively similar palette was characterised by Melo et al. [25]
in their analysis of three French 15th century Book of Hours presently in the Palacio Nacional
de Mafra (Portugal). This information may support art historians in interpreting the context
of production for these manuscripts and to (possibly) link other artworks to the production of
Antoine de Lonhy.

5. Conclusions

The present work represents the first step towards the disclosure of materials and
techniques employed by Antoine de Lonhy in the course of his artistic activity and it
integrates the studies on style and iconography already carried out about the work of this
versatile medieval artist. Further to this, the instrumental inspection of the untouched parts
of the miniatures allowed us to recognise the colourants originally used by the master, and
to highlight the criteria that he used for selecting a specific pigment. This choice appears
not merely bound to technical or aesthetic reasons, since specific pigments were selected
for specific parts in the miniatures. In particular, a hierarchical scheme is identifiable for
yellows and partially for reds, while in the case of blues the colourant choice seems to be
led by difference instances. Of course, the hierarchy of the colourants within this work
offers only a partial view of what the modus operandi of the artist was.

The shine of gold is that of mosaic gold, while shell gold was used to paint objects
and details that are somehow connected to characters whose sacredness required the use
of the finest materials. As a whole, four different yellow colourants were hierarchically
employed within the miniatures.

Vermilion was used to paint the stray of acanthus, strawberries and flowers in dec-
orations on page borders (possibly by an associate of de Lonhy), while in the miniatures
its use was reserved to the blood of Jesus Christ, in order to emphasise the sanctity of this
detail, while less valuable red lead was used to obtain reds throughout the miniatures.

Another peculiarity concerns the use of lead-tin yellow; this pigment was largely used in
all the miniatures to tune green colours. Only in one case was it used by itself, i.e., to paint the
vest of the old apostle, probably St. Peter, praying in the left part of the miniature on f. 49v. It
is possible that this specific use is linked to the identity of this important character.

The overall analytical results indicated that the palette used to paint the decorations
bordering each page differs substantially from that used in the miniatures.

It is known that the painter who executed the miniatures generally did not work on
other decorations on the page, but this investigation has also pointed out that different
pigments could be used in the different stages of the decoration of the manuscript.

All in all, the palette chosen by the artist for the decoration of the ten miniatures,
including the precious colourants such as gold, lapis lazuli and cinnabar, indicates the
importance and credit of this work.

The investigation also gave information on the materials used for retouches. In
particular, phthalocyanine blue, in use since 1935, and titanium white, also introduced
during the 20th century, were found in the illumination on f. 31v, thus setting a post quem
terminus for some of the coarse interventions clearly visible in the manuscript. Moreover,
the presence of different materials would exclude, as suggested by autoptic inspection of
the book, that the retouches could have been performed by the same hand.

Author Contributions: Conceptualisation, M.A. and M.G.; methodology, A.A.; software, E.P.; valida-
tion, A.A. and M.G.; formal analysis, A.A.; investigation, M.A., E.P. and A.A.; resources, S.C.; data
curation, M.G.; writing—original draft preparation, M.A. and M.G.; writing—review and editing,
S.C. and G.S.; visualisation, A.A.; supervision, M.G.; project administration, M.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Enrica Pagella of the Museo Civico di Arte
Antica in Torino, for allowing thorough inspection of the manuscript.

77



Heritage 2021, 4

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brunello, F. De Arte Illuminandi; Neri Pozza: Vicenza, Italy, 1975.
2. Caffaro, A. De Clarea, Manuale Medievale Di Tecnica Della Miniatura (Secolo XI); Arci Postiglione: Salerno, Italy, 2004.
3. Caffaro, A. Scrivere in Oro. Ricettari Medievali d’arte e Artigianato (Secoli IX-XI). Codici Di Lucca e Ivrea; Liguori: Napoli, Italy, 2003.
4. Frezzato, F. Cennino Cennini: Il Libro Dell’arte; Neri Pozza: Vicenza, Italy, 2009.
5. Clarke, M. The Art of All Colours: Mediaeval Recipe Books for Painters and Illuminators; Archetype Publications: London, UK, 2000.
6. Aceto, M.; Agostino, A.; Boccaleri, E.; Crivello, F.; Cerutti Garlanda, A. Identification of Copper Carboxylates as Degradation

Residues on an Ancientmanuscript. J. Raman Spectrosc. 2010, 41, 1434–1440. [CrossRef]
7. Clark, R.J.H.; Gibbs, P.J. Raman Microscopy of a 13th Century Illuminated Text. Anal. Chem. 1998, 70, 99A–104A. [CrossRef]
8. Burgio, L.; Clark, R.J.H.; Hark, R.R. Spectroscopic Investigation of Modern Pigments on Purportedly Medieval Miniatures by the

‘Spanish Forger’. J. Raman Spectrosc. 2009, 40, 2031–2036. [CrossRef]
9. Clark, R.J.H. Raman Microscopy: Application to the Identification of Pigments on Medieval Manuscripts. Chem. Soc. Rev. 1995,

24, 187. [CrossRef]
10. Chaplin, T.D.; Clark, R.J.H.; Jacobs, D.; Jensen, K.; Smith, G.D. The Gutenberg Bibles: Analysis of the Illuminations and Inks

Using Raman Spectroscopy. Anal. Chem. 2005, 77, 3611–3622. [CrossRef] [PubMed]
11. Van Hooydonk, G.; De Reu, M.; Moens, L.; Van Aelst, J.; Milis, L. A TXRF and Micro-Raman Spectrometric Reconstruction

of Palettes for Distinguishing Between Scriptoria of Related Medieval Manuscripts. Eur. J. Inorg. Chem. 1998, 1998, 639–644.
[CrossRef]

12. Vandenabeele, P.; Wehling, B.; Moens, L.; Dekeyzer, B.; Cardon, B.; Von Bohlen, A.; Klockenkämper, R. Pigment Investigation of a
Late-Medieval Manuscript with Total Reflection X-Ray Fluorescence and Micro-Raman Spectroscopy. Analyst 1999, 124, 169–172.
[CrossRef]

13. Avril, F. Le Maître Des Heures de Saluces: Antoine de Lonhy. Revue de l’Art 1989, 85, 9–34. [CrossRef]
14. Elsig, F. Antoine de Lonhy; Silvana Editore: Cinisello Balsamo, Italy, 2018; ISBN 9788836638697.
15. AA.VV. Il Rinascimento Europeo Di Antoine de Lonhy; Baiocco, S., Castronovo, S., Eds.; SAGEP: Genova, Italy, 2021.
16. Saroni, G. Intorno a Un Libro d’Ore Di Antoine de Lonhy Giovane. Palazzo Madama Stud. Not. Riv. Annu. Mus. Civ. d’Arte Antica

di Torino 2010, 0, 7–23.
17. Aceto, M.; Agostino, A.; Fenoglio, G.; Gulmini, M.; Bianco, V.; Pellizzi, E. Non Invasive Analysis of Miniature Paintings: Proposal

for an Analytical Protocol. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 91, 352–359. [CrossRef]
18. Fiber Optics Reflectance Spectra (FORS) of Pictorial Materials in the 270–1700 Nm Range. Available online: http://fors.ifac.cnr.it

(accessed on 3 July 2021).
19. Bacci, M. UV-VIS-NIR, FT-IR and FORS spectroscopy. In Modern Analytical Methods in Art and Archaeology; Ciliberto, E., Spoto, G.,

Eds.; John Wiley & Sons Ltd.: New York, NY, USA, 2000; pp. 321–361.
20. Smieska, L.M.; Mullett, R.; Ferri, L.; Woll, A.R. Trace Elements in Natural Azurite Pigments Found in Illuminated Manuscript

Leaves Investigated by Synchrotron X-Ray Fluorescence and Diffraction Mapping. Appl. Phys. A 2017, 123, 484. [CrossRef]
21. Seccaroni, C.; Moioli, P. Fluorescenza X, Prontuario per l’analisi XRF Portatile Applicata a Superfici Policrome; Nardini: Firenze, Italy, 2002.
22. Aru, M.; Burgio, L.; Rumsey, M.S. Mineral Impurities in Azurite Pigments: Artistic or Natural Selection? J. Raman Spectrosc. 2014,

45, 1013–1018. [CrossRef]
23. Angelici, D.; Borghi, A.; Chiarelli, F.; Cossio, R.; Gariani, G.; Lo Giudice, A.; Re, A.; Pratesi, G.; Vaggelli, G. M -XRF Analysis of

Trace Elements in Lapis Lazuli-Forming Minerals for a Provenance Study. Microsc. Microanal. 2015, 21, 526–533. [CrossRef]
24. Aceto, M.; Agostino, A.; Fenoglio, G.; Idone, A.; Gulmini, M.; Picollo, M.; Ricciardi, P.; Delaney, J.K. Characterisation of Colourants

on Illuminated Manuscripts by Portable Fibre Optic UV-Visible-NIR Reflectance Spectrophotometry. Anal. Methods 2014, 6, 1488.
[CrossRef]

25. Melo, M.J.; Otero, V.; Vitorino, T.; Araújo, R.; Muralha, V.S.F.; Lemos, A.; Picollo, M. A Spectroscopic Study of Brazilwood Paints
in Medieval Books of Hours. Appl. Spectrosc. 2014, 68, 434–444. [CrossRef]

26. Trentelman, K.; Turner, N. Investigation of the Painting Materials and Techniques of the Late-15th Century Manuscript Illuminator
Jean Bourdichon. J. Raman Spectrosc. 2009, 40, 577–584. [CrossRef]

27. Roger, P.; Villela-Petit, I.; Vandroy, S. The Brazil Colorant Lakes in Medieval Illuminations: Reconstitution Starting with Ancient
Recipes. Stud. Conserv. 2003, 48, 155–170. [CrossRef]

28. Bell, I.M.; Clark, R.J.H.; Gibbs, P.J. Raman Spectroscopic Library of Natural and Synthetic Pigments (Pre-∼ 1850 AD). Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 1997, 53, 2159–2179. [CrossRef]

29. Edwards, H.G.M.; Farwell, D.W.; Newton, E.M.; Rull Perez, F.; Jorge Villar, S. Raman Spectroscopic Studies of a 13th Century
Polychrome Statue: Identification of a ‘Forgotten’ Pigment. J. Raman Spectrosc. 2000, 31, 407–413. [CrossRef]

30. Whitley, K.P. The Gilded Page: The History & Technique of Manuscript Gilding; Oak Knoll Press: New Castle, DE, USA, 2000.
31. Aceto, M.; Calà, E. Analytical Evidences of the Use of Iron-Gall Ink as a Pigment on Miniature Paintings. Spectrochim. Acta Part A

Mol. Biomol. Spectrosc. 2017, 187, 1–8. [CrossRef]
32. Gage, J. Colour and Meaning: Art, Science and Symbolism; Thames and Hudson: London, UK, 2000.
33. Pulliam, H. Color. Stud. Iconogr. 2012, 33, 3–14.

78



Heritage 2021, 4

34. Nash, S. ‘Pour couleurs et autres choses prise de lui . . . ’: The Supply, Acquisition, Cost and Employment of Painters’ Materials
at the Burgundian Court, c. 1375–1419. In Trade in Artists’ Materials: Markets and Commerce in Europe to 1700; Kirby, J., Nash, S.,
Cannon, J., Eds.; Archetype Publications Ltd.: London, UK, 2010; pp. 97–182.

35. Delamare, F. Blue Pigments: 5000 Years of Art and Industry; Archetype Publications: London, UK, 2013.
36. Kubersky-Piredda, S. The Market for Painters’ Materials in Renaissance Florence. In Trade in Artists’ Materials: Markets and

Commerce in Europe to 1700; Kirby, J., Nash, S., Cannon, J., Eds.; Archetype Publications: London, UK, 2010; pp. 223–243.
37. Burmester, A.; Haller, U.; Krekel, C. Pigmenta et Colores: The Artist’s Palette in Pharmacy Price Lists from Liegnitz (Silesia). In

Trade in Artists’ Materials: Markets and Commerce in Europe to 1700; Kirby, J., Nash, S., Cannon, J., Eds.; Archetype Publications Ltd.:
London, UK, 2010; pp. 314–324.

38. Turner, N. The Recipe Collection of Johannes Alcherius and the Painting Materials Used in Manuscript Illumination in France
and Northern Italy, c. 1380–1420. Stud. Conserv. 1998, 43, 45–50. [CrossRef]

39. Bruni, S.; Cariati, F.; Casadio, F.; Toniolo, L. Identification of Pigments on a XV Century Illuminated Parchment by Raman and
FTIR Microspectroscopies. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 1999, 55, 1371–1377. [CrossRef]

40. Bersani, D.; Lottici, P.P.; Vignali, F.; Zanichelli, G. A Study of Medieval Illuminated Manuscripts by Means of Portable Raman
Equipments. J. Raman Spectrosc. 2006, 37, 1012–1018. [CrossRef]

41. Edwards, H.G.M.; Farwell, D.W.; Rull Perez, F.; Jorge Villar, S. Spanish Mediaeval Frescoes at Basconcillos Del Tozo: A Fourier
Transform Raman Spectroscopic Study. J. Raman Spectrosc. 1999, 30, 307–311. [CrossRef]

79





heritage

Article

Multi-Modal, Non-Invasive Investigation of Modern Colorants
on Three Early Modern Prints by Maria Sibylla Merian

Olivia Dill, Marc Vermeulen, Alicia McGeachy and Marc Walton *

Citation: Dill, O.; Vermeulen, M.;

McGeachy, A.; Walton, M.

Multi-Modal, Non-Invasive

Investigation of Modern Colorants on

Three Early Modern Prints by Maria

Sibylla Merian. Heritage 2021, 4,

1590–1604. https://doi.org/10.3390/

heritage4030088

Academic Editor: Francesco

Soldovieri

Received: 26 June 2021

Accepted: 30 July 2021

Published: 4 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

The Center for Scientific Studies in the Arts (NU-ACCESS), Northwestern University, Evanston, IL 60208, USA;
oliviadill2024@u.northwestern.edu (O.D.); marc.vermeulen@northwestern.edu (M.V.);
alicia-mcgeachy@northwestern.edu (A.M.)
* Correspondence: marc.walton@northwestern.edu

Abstract: Northwestern University’s Charles Deering McCormick Library of Special Collections
owns three hand-colored copperplate engravings that once belonged to an edition of Matamorphosis
Insectorum Surinamensium by artist-naturalist Maria Sibylla Merian (1647–1717). Because early
modern prints are often colored by early modern readers, or modern collectors, it was initially
unclear whether the coloring on these prints should be attributed to the print maker, to subsequent
owners or collectors, or to an art dealer. Such ambiguities posed challenges for the interpretation of
these prints by art historians. Therefore, the prints underwent multi-modal, non-invasive technical
analysis to assess the date and material composition of the prints’ coloring. The work combined
several different non-invasive analytical techniques: hyperspectral imaging (HSI), macro X-ray
fluorescence (MA-XRF) mapping, surface normal mapping with photometric stereo, visible light
photography, and visual comparative art historical analysis. As a result, the prints and paper were
attributed to a late eighteenth-century posthumous edition of Merian’s work while the colorants
were dated to the early twentieth century. This information enables more thorough contextualization
of these prints in their use as teaching and research tools in the University collection.

Keywords: Maria Sibylla Merian; colored prints; hyperspectral imaging; X-ray fluorescence spec-
troscopy; photometric stereo; Prussian blue; non-invasive pigment characterization

1. Introduction

Metamorphosis Insectorum Surinamensium, first published by Maria Sibylla Merian
(1647–1717) in Amsterdam in 1705, is among the most famous examples of early modern
insect imagery. The volume consists of 60 copperplate engravings, designed by Merian,
engraved by professional engravers, Pieter Sluyter, Joseph Mulder, and Daniel Stopendael,
and printed in Merian’s Amsterdam workshop. The original volume was published in
Dutch and Latin editions and was sold either containing unadorned engravings or, for
an added fee, hand-colored by Merian or her daughters, Dorothea Maria and Johanna
Helena [1]. The product of two years of research conducted on site in Suriname, the images
in Metamorphosis constitute a landmark in the history of scientific imagery. They contain
detailed portrayals of the different stages of metamorphosis of insects native to Suriname
and they set these depictions of transformation in the insects’ botanical habitats. Although
Metamorphosis contains inaccuracies, embellishments, and mistranslations, the images in
the volume as a whole are unique for the depth of information that they provide about
the flora and fauna of Suriname, for their vivid yet concise compositions, and, notably for
this study, for the fact that they number among few early modern natural history prints to
survive with original coloring.

Whether color could be used as reliable and reproducible descriptive feature of natural
history specimens was hotly contested amongst early modern botanists, naturalists, and
artists [2]. Reproducing the color of natural phenomena, especially in the context of
expeditions like Merian’s, challenged naturalists to develop means to systematize their

Heritage 2021, 4, 1590–1604. https://doi.org/10.3390/heritage4030088 https://www.mdpi.com/journal/heritage

81



Heritage 2021, 4

terms and observations [3] and demanded expertise in art, craft and science, making
the valence and materiality of early modern color a rich and active area of research for
historians of art and science [4]. Merian herself chose to include color as a significant
feature of insects’ descriptions. In the texts accompanying her images she was careful
to include lively textual descriptions of insects’ color as identifying features [5]. In the
images themselves she relied on a system of modelli, painted in watercolor on paper and
vellum, in order to standardize the colors used to represent insects in colored editions of
the prints [1]. Metamorphosis constitutes an important case study in the history of early
modern colored prints.

The study of color in early modern European woodcuts and engravings poses chal-
lenges to print scholars, notably that it is often difficult to assess when and by whom
coloring is applied [6]. It was common practice among early modern European print
owners or book readers to interact with printed works [7] and to add their own annotations
or coloring using ink, watercolor, or gouache [8]. It was also common for dealers and
collectors especially in the nineteenth century to add color to prints either as enthusiasts or
as forgers [9]. In the case of Metamorphosis, these challenges associated with authenticating
colored prints more generally are compounded by the fact that Merian’s original copper
plates survived after her death. They were embellished and reprinted in several posthu-
mous editions in the The Netherlands and France in 1726, 1730 and 1771, thus often making
it challenging to assess the proximity of loose-leaf prints to Merian’s workshop [10].

Analytical methodologies have been employed in the study of color in early mod-
ern works on paper; in particular, X-ray fluorescence (XRF) and multispectral photogra-
phy have been shown to be effective methods of characterizing colorants used to color
prints [9,11,12] and illuminated manuscripts [13]. Some have used art historical and techni-
cal analyses (XRF and Raman spectroscopy) to study the relationship between printing and
color workshops and practices in the sixteenth and seventeenth centuries [6]. These studies
concern themselves with works whose coloring can be verified to be early modern. Some
have applied XRF to identify modern coloring on early modern prints [8] but there remains
further work to be done in specifying and characterizing the practice and materials of
modern coloring of earlier prints. Merian’s work in particular has been the subject of some
technical analyses, which used microscopic investigation to distinguish between prints and
counterproofs but not in order to classify or propose dates for the pigments used [14].

Three painted prints from Metamorphosis (Call no. Folio 581.9 S357.m; Figure 1) reside
in Northwestern University’s Charles Deering McCormick Library of Special Collections.
These prints are referenced in Merian’s text as plate 9, plate 54 and plate 55 and in the
following we refer to individual prints by these in-text plate numbers. The coloring on
these prints is carefully done and thickly applied. With the exception of two peppers in
plate 55, the color scheme of the Northwestern Special Collection prints follows that of
counterproof and watercolor versions of the same images that are securely attributed to
the Merian workshop, such as those in the British Museum [15–17]. The care of coloring, as
well as the aforementioned factors surrounding the history of colored prints by Merian and
others, made it initially unclear when, why, and by whom the Northwestern University
Special Collections prints and their coloring were produced. Still, given the significance of
Metamoprhosis in the histories of botany and entomology and with respect to the eighteenth
century use of color in illustrated natural history, these prints represent an invaluable
archival resource.
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Figure 1. Prints from Maria Sibylla Merian’s Metamorphosis in Northwestern University Chalres
Deering McCormick Special Collections, call no: Folio 581.9 S357.m: plate 55 (left), plate 9 (middle),
plate 54 (right).

In order to assess how, why, and by whom the prints were made, and in particular
whether they were made by the same maker, the prints in Northwestern Special Collections
underwent technical analysis with macro X-ray fluorescence (MA-XRF), hyperspectral
imaging, transmitted light photography, and photometric stereo imaging. These data
were analyzed in dialogue with archival art historical research to characterize and date
three separate components of the prints: pigments, printed lines, and paper support. MA-
XRF and, in two cases, hyperspectral data were used to investigate the prints’ pigments,
photometric stereo imaging was used to investigate how the printed marks were made,
and transmitted light photography was used to visualize paper structure. Exhaustive
characterization of pigments, including modern organic pigments, may require the use
of molecular techniques such as Raman spectroscopy [18–21] or FTIR [22]. While the use
of these two techniques would have been ideal in this study, no sampling was possible
on these prints, and we did not have access to the necessary portable instrumentation
for in situ analyses. Therefore, the investigation of the coloring materials could only be
performed using MA-XRF and hyperspectral imaging, the combination of which may give
good insights into inorganic colorants but limited insights into organic ones. The analysis
of the prints presented here can better contextualize these specific prints, and shed light on
whether and how the coloring on these prints may contribute to the study of the eighteenth
century use of color in natural history. More broadly, this analysis provides valuable
information for characterizing modern coloring of early modern prints and demonstrates
the use of a multimodal workflow that combines XRF with other modes of analysis.

2. Materials and Methods

2.1. X-ray Fluorescence Spectroscopy

The prints were fully scanned using the NU-ACCESS MA-XRF system described
in [23], for which the X-ray tube and polycapillary optic were replaced by a 50 W transmis-
sion Rh anode X-ray tube (Varex Imaging, Salt Lake City, UT, USA) and 500 μm collimator,
respectively. MA-XRF scans were collected with a dwell time of 0.2 s, at 40 kV voltage and
1.250 A current. An XGLabs Elio X-ray fluorescence spectrometer operating at 40 kV and
600 μA was used to collect spot samples for comparison and confirmation. All XRF data
processing to create elemental distribution maps was done in Python with the PyMCA
framework [24].

2.2. Hyperspectral Imaging (HSI)

Hyperspectral images of the prints were acquired using a Resonon Pika II hyperspec-
tral camera measuring between 400 and 900 nm with 2 nm spectral resolution. Only data
between 410 and 900 nm were used for identification due to noise affecting lower wave-
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length channels. Hyperspectral data analysis was performed using the method and code
provided in [25]. The method uses the Uniform Manifold Approximation and Projection
(UMAP) algorithm to reduce the dimension of spectral data and then clusters hyperspectral
data to produce characteristic spectra, called endmembers, for each color in each print.

2.3. Photometric Stereo Imaging

All three prints were imaged with a photometric stereo dome that is constructed of
81 LEDs, mounted at regular intervals on the concave interior of a hemispherical dome [26].
The prints were placed under the dome and illuminated with each LED in sequence while
one photograph was captured for each incident lighting angle. Captures were made with
a Canon EOS 50 Mark III DSLR fitted with a 20 mm prime lens. Data were processed
using the near lighting model described in [26] and using open source software provided
therein to produce three-dimensional false color maps indicating the orientation of the
prints’ surface (i.e., normal maps).

2.4. Transmitted Light Imaging

Watermarks are thinner regions of antique laid paper that when viewed in transmitted
light appear lighter than the surrounding fibers. Early modern paper manufacturers placed
watermarks into their papers by weaving of patterns into the wires of the screen-like molds
used to shape paper sheets. Here, transmitted light images of the prints were captured
in order to better visualize any watermarks within the sheets. After slipping a light sheet
between each print and its mat as described in [27], one photograph was taken in ambient
light and another with the print illuminated from below with the light sheet. A weighted
subtraction of the two images was performed using the algorithm outlined in [28] in order
to increase the visibility of watermark data within the sheets. Captures were made with a
Canon EOS 50 Mark III DSLR, fitted with a Canon Zoom Lens EF 24–105 mm and with a
Daylight Wafer 2 LED light table (model number D/E/U/A 35030).

3. Results and Discussion

3.1. Pigments

We propose the use of certain pigments on the basis of qualitative observation of
MA-XRF maps, hyperspectral distribution maps and associated characteristic reflectance
curves. In the case of Prussian blue and cadmium red the extraction of representative
spectra from hypserspectral maps supported the identification of pigments. The earliest
known manufacturing dates for potential pigments (Table 1) were used to propose terminus
post quem for the prints. XRF data can be used to calculate elemental concentrations and
therefore quantitatively identify the presence of certain elements; however, in our case
approximate identifications were sufficient to address research questions concerning the
prints’ provenance. Summaries of all proposed identifications are given in Appendix A and
data supporting this study are available in the associated supplementary information file.

Table 1. Earliest known date of commercial availability for pigments used to date the prints in NU
Special Collections.

Pigment Earliest Known Date

Prussian blue 1724 [29]
Cadmium red 1919 [30]

Cadmium barium red 1926 [31]
Cadmium yellow 1818 [30]

Lithopone 1878 [32]
Titanium white 1920 [33]
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3.1.1. Brown

High pixel intensities in iron and manganese XRF maps in brown regions suggest
the use of brown umber in both prints [34–36]. The co-ocurrence of iron and manganese
is observed most clearly in the pomegranate husk in plate 9 and chrysalis on plate 55
(Figure 2). Umber was available to artists long before the eighteenth century and its use
does not rule out an early modern date for the coloring [35]. However, high pixel intensities
in XRF maps for cadmium and sulphur in brown and dark yellow regions of plate 9 suggest
the presence of cadmium yellow, either mixed with brown umber or applied in a separate
layer. Cadmium yellow’s earliest use as an artist’s pigment is 1818 [30].

Figure 2. MA-XRF maps for cadmium (left), iron (center), and manganese (right) in plate 9 (top) and plate 55 (bottom).

3.1.2. White

High pixel intensities in the titanium MA-XRF map suggest the use of titanium white
in white regions of plate 55, such as the white flower (Figure 3) [33,37]. Titanium white
was not commonly available as an artist’s pigment before around 1920, thus moving
the terminus post quem for the coloring on plate 55 to the first quarter of the twentieth
century [33]. Characteristic features in reflectance data for titanium white fall between
393 and 406 nm, which is outside the range of the hyperspectral camera used for this
study [38,39]. Therefore in our case HSI is not useful in confirming this identification.
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Figure 3. Visible light photograph and (left) and MA-XRF map for titanium in Plate 55 (right).

High pixel brightness in XRF maps for zinc, barium and sulphur occurred in several
regions of all three prints (Figure 4). This combination is consistent with the use of lithopone,
which consists of zinc sulfide and barium sulphate [32,40]. Lithopone is a white pigment,
but is observed here in regions that visually appear green and blue, suggesting its use as a
filler. Lithopone was first patented and commercially produced in 1878; thus, its presence
on these prints further confirms that the coloring on the prints is modern [32]. The use of
two whites may suggest the use of two campaigns of coloring, or the choice to differentiate
areas of the print.

Figure 4. False color images indicating brightness in the XRF maps for Ba_L, S_K, and Zn_k in plates
9 (left) 54 (center) and plate 55 (right).

3.1.3. Red

High pixel brightness in cadmium, sulphur, and selenium XRF maps in several
red regions of plates 54 and 55 (Figure 5) suggests the use of cadmium red to color red
regions in both prints [30,41]. Characteristic spectra in hyperspectral data Figure 6) are
consistent with those for cadmium red [30,41] namely the inflection point around 590 nm
and absorption maximum around 500 nm. Cadmium red became commercially available
in 1919, confirming the early twentieth century terminus post quem for the coloring [30].
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Figure 5. False color images indicating brightness in the XRF maps for Cd_L, S_K, and Se_K, in
plates 54 (left) and plate 55 (right).

Figure 6. Characteristic spectra for unidentified green (left) and cadmium and barium-rich
reds (right).

Additionally, we observe that in the upper left-most pepper of plate 55 and in the
uppermost spike of the flower on plate 54, circled in red in Figure 7, pixel intensities in
cadmium XRF maps are a factor of 4 lower than the pixel intensities in other red regions of
the cadmium map of the same print. The pixel brightness for selenium is also low in these
areas and barium remains constant throughout. Because visibly the red remains consistent,
it is possible that in these regions a second red, possibly an organic red with a barium-rich
substrate, such as barium oxide, was applied in addition to cadmium red [31].

Pixel brightness is low in all regions of the Selenium XRF map for Plate 9 (Figure 8),
indicating that cadmium red was not used in Plate 9. Cadmium and barium are found
together in red regions of plate 9 (Figure 7), suggesting the use of cadmium barium
red [30,42] in plate 9 or possibly, as in plates 54 and 55, a barium-rich organic red. The
presence of multiple reds could indicate multiple distinct campaigns of coloring or the
choice to distinguish or retouch parts of the prints. The shared use of cadmium red between
plates 54 and 55 suggests that both were produced using a shared palette.

87



Heritage 2021, 4

Figure 7. Details from plate 55 (left), plate 9 (center), and plate 54 (right) showing XRF maps for
barium and cadium.

Figure 8. Visible light photograph and (left) and MA-XRF map for selenium in plate 9 (right).

3.1.4. Blue

The analysis of hyperspectral data suggests the use of Prussian blue in plate 9. The
characteristic spectral curve in blue regions (Figure 9), in particular the local minimum
around 675 nm and the inflection point around 554 nm, are consistent with characteristic
spectra for Prussian blue published in other identifications of Prussian blue [43–45]. Prus-
sian blue did not become commercially available until 1724, seven years after Merian’s death,
confirming that the coloring could not have been applied during Merian’s lifetime [29].

Although Prussian blue is rich in iron, an element that can be detected with XRF,
it has been observed that in practice Prussian blue requires relatively little pigment to
produce strong coloration and thus it can be challenging to detect this pigment with
XRF [25,46]. In our case we observe high pixel intensities in MA-XRF maps for iron in
regions corresponding to darker shades of blue in the butterfly at the upper right of plate 9
(Figure 9). All blue regions of the butterfly’s blue wings in hyperspectral images of plate 9
demonstrate the characteristic reflectance spectrum of Prussian blue, which together with
the iron map allows us to confirm the identification of Prussian blue.
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Figure 9. Details from MA-XRF map for iron (top left), blue endmember map (bottom left) and
characteristic spectra (right) used to identify Prussian blue in plate 9.

3.1.5. Green and Yellow

We were unable to propose the presence of specific colorants in the case of a number
of likely-organic green and yellow pigments. The hyperspectral data treatment was able
to extract characteristic spectra for green regions, but these curves did not correspond to
the curves for inorganic pigments [47]. XRF data in these regions did not register elements
typically associated with green pigments (such as copper) or inorganic yellows (such as
iron). This lack of association along with the identification of barium, sulphur, zinc, and,
in some green regions, iron with varying pixel brightness throughout suggests the use
of unidentified organic pigments or mixtures. Sampling and invasive analysis would be
necessary to further specify these pigments.

3.1.6. Comparisons between Prints

The recurrence of several pigments (lithopone, barium-rich and cadmium reds, and
brown umber) identified on the basis of XRF data and, in the case of cadmium red and
Prussian blue, hyperspectral imaging suggest that there is a common palette between the
three prints. This is supported by the close correspondence in hyperspectral data and
characteristic spectra between prints. Characteristic spectra for red regions of plate 54
and plate 55, which conform to published spectra for cadmium red (Figure 6), support
the identification of the same pigment in both prints [30,32]. Although we are unable to
precisely identify which pigment they correspond to, characteristic spectra for the green
regions in each print are nearly identical between the three plates (Figure 6), suggesting the
repeated use of one green pigment between all three. The use of the same pigment between
prints suggests that they were colored together by the same hand or with a systematic
application of color between the three.

3.2. Printed Lines

Normal maps and comparison with other printed editions of Metamorphosis were used
to determine whether lines that appeared to be printed were in fact the product of an
eighteenth century intaglio printing process such as copperplate engraving, or if they were
outright forgeries or reproductions.

3.2.1. Photometric Stereo Normal Maps

In normal maps for all three prints produced through photometric stereo data, a
large-scale deformation of the sheet within the region of the plate mark can be observed
(Figure 10). Because this deformation only occurs within the plate mark indicating the
boundary of the copperplate we propose that these deformations resulted from the appli-
cation of high pressure to a wet sheet during printing. Smaller-scale deformations in the
surface were more difficult to register due to the thickness with which the paint is applied
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to the surface, but in plate 54 the printed lines are raised from the surface of the sheet
(Figure 10), thus supporting the proposition that these were printed via an intaglio process.

Figure 10. Magnitude of the normal direction along the horizontal axis for plate 54 (left) and
detail (right).

3.2.2. Comparison with Other Editions

Prints in Northwestern University were compared to other editions of Merian’s Meta-
morphosis: an edition published in Amsterdam by Merian in 1705 in the University of
Chicago Special Collections (call no.: ff QL466.M57 1705), a 1726 edition published in
Amsterdam by P. Gosse in Northwestern Medical School’s Galter Health Sciences Library
(call no.: XO 595.7 M54d 1726) and a 1771 edition translated into French published in Paris
by LC Desnos (call no.: XO 595.7 M54h3 1771), also in Galter Health Sciences Library. All
three editions are uncolored.

After visual inspection of plates from different editions it was observed that North-
western Special Collections’ prints have a Roman numeral plate number in the upper right
of each print and a French name for the plant species at the bottom of each print. These
two features are unique to the 1771 edition, Histoire Generalé des Insectes de Surinam..., which
is the last known edition of Merian’s work, published in Paris in 1771 by L.C. Desnos
(Figure 11) [10]. The presence of printed features that are only present in the 1771 edition
confirms that the NU Special Collections prints may be attributed to a 1771 edition.

Figure 11. Details from plate 54 from Galter Library’s 1726 edition (left), NU Special Collections
(center) and Galter Library’s 1771 edition (right). A Roman numeral plate number in the upper right
and a label in French were added to the plates between 1726 and 1771.
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3.3. Paper

If documented in watermark databases, watermarks can provide information about
the date and location of the paper production. Computed watermark images show that
Plates 9 and 55 share a watermark in the shape of a bishop or abbot, wearing a mitre and a
cross, bearing a staff and banner (Figure 12). The dark shadow around vertical chain lines
indicates that the paper is antique laid paper, rather than laid or wove, suggesting that it
was produced before the end of the eighteenth century [48].

Figure 12. Computed images of watermarks found in plate 55 (top left), plate 9 (top middle) and
plate 54 (bottom). The outline of a bishop watermark can be observed when manually reinforced in
plate 9 (top right).

Dating of the watermarks themselves was inconclusive. This particular bishop wa-
termark has not been documented in any of the common databases of eighteenth century
watermarks, and does not match with watermarks in other editions of Metamorphosis, given
in Figure 13.

Figure 13. Transmitted light images showing watermarks in different editions of Metamorphosis.
1705 (not shown) and 1726 (left) editions both share the Strasbourg Lily watermark. The 1705
countermark is “PVL” (not shown) the 1726 countermark is “Honig” (middle). The 1771 edition has
an unidentified watermark (right) and unintelligible countermark with text.

Watermarks are helpful, however, in addressing whether sheets were produced and
procured from the same maker or edition. Plates 9 and 55 have the same watermark;
however, the prints were impressed on the opposite side of the sheet with the watermarks
vertically inverted with respect to one another. This suggests that these two sheets come
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from the same batch of paper and are likely mold-mates. This supports the hypothesis that
plates 9 and 55 came from the same original source.

4. Conclusions

This paper has presented the technical analysis of three prints from Metamorphosis
Insectorum Surinamensium by Maria Sibylla Merian in Northwestern University Library’s
Special Collections. The analysis was undertaken in order to determine a date, printer,
and colorist for the prints, which were difficult to ascertain due to the complexities of
the timeline of publication of Merian’s works and the common practice of later coloring
of early modern prints. This study employed a holistic analysis that would facilitate the
non-invasive characterization of the artworks in three layers: pigment, print, and paper.
Because of similarities in pigments—brown umber, barium-rich red, cadmium red, and
lithopone—used in multiple plates, similar characteristic spectra for green pigments in
all three plates, and the matching watermarks in plates 9 and 55 we conclude that the
prints belonged to the same edition and were colored together. The use of two different red
pigments, one barium-rich and the other cadmium red, and two different white pigments,
titanium white and lithopone, alludes to the possibility of multiple campaigns of coloring,
but this remains an open question. We date the coloring to post-1920, based on the use of
cadmium red and titanium white, which were not commercially available to artists before
1919 and 1920, respectively. Based on the presence of features that are only present in
posthumous editions of Merian’s plates as they were reprinted in later editions, namely
a Roman numeral plate number and French caption, we date the prints themselves to a
French translation published in Paris in 1771. A more specific dating of the printed elements
or the painted components would require further analysis of the organic components of
the drawing and further research into the provenance of the watermarks.

The relative chronology of the different components of the prints in Northwestern
Special Collections confirms that the prints are the product of a twentieth century art dealer
or collector adding coloration to earlier prints. The dating of the coloring as well as the
care with which it was undertaken suggest that this may have been an attempt to add
value to relatively low-value later editions of Merian’s works. As a result of this study the
prints will be re-cataloged in the Northwestern Library catalog and the use of these prints
by students and researchers will therefore be better contextualized in terms of this more
complicated provenance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030088/s1, Figure S1: Elemental maps resulting from MA-XRF scan of plate 9, Table
S2: Results of XRF point analysis for plate 9, Figure S2: Sample locations for XRF point analysis of
plate 9, Figure S3: Endmember maps resulting from hyperspsectral imaging for plate 9 and associated
reflectance spectra, Figure S4: Elemental maps resulting from MA-XRF scan of plate 54, Table S3:
Results of XRF point analysis for plate 54, Figure S5: Sample locations for XRF point analysis of plate
54, Figure S6: Endmember maps resulting from hyperspectral imaging for plate 54 and associated
reflectance spectra, Figure S7: Elemental maps resulting from MA-XRF scan of plate 55, Table S4:
Results of XRF point analysis for plate 55, Figure S8: Sample locations for XRF point analysis of plate
55, Figure S9: Endmember maps resulting from hyperspsectral imaging for plate 55 and associated
reflectance spectra.
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Appendix A. Proposed Pigment Identifications and Corresponding Elements

Table A1. Summary of elements present in XRF analysis for plate 9.

Color Elements Present Possible Pigment

Red Ba, Cd, S, Si, Zn Organic red (inferred) with barium substrate, or
cadmium-barium red

Yellow Ba, Cd, Fe, Mn, S, Si, Zn Brown umber and/or cadmium yellow, lithopone
Green Ba, Fe, Mn, S, Si, Zn Organic green (inferred) or Prussian blue mixture, lithopone

Green Ba, Fe, S, Si, Ti, Zn Organic green (inferred), or Prussian blue or iron oxide mixture,
titanium white, lithopone

Mint Green Ba, S, Ti, Zn Organic green (inferred), titanium white, lithopone
Blue Ba, Fe, Mn, S, Si, Zn Prussian blue possibly with iron oxide, lithopone

Brown Ba, Ca, Cd, Fe, Mn, S, Si, Zn Brown umber, cadmium yellow, lithopone
Paper As, Ba, Co, Cu, K, Mn, Ni, S, Si Paper
Mat Ca, Fe, Ti Mat

Table A2. Summary of elements present in XRF analysis for plate 54.

Color Elements Present Possible Pigment

Red 1 Ba, Cd, S, Se, Si,Ti, Zn Cadmium red, lithopone
Red 2 Ba, Cd, S, Si, Zn Cadmium red, and/or organic red (inferred) with barium substrate
Pink Ba, S, Zn Organic red (inferred), zinc white or lithopone

Yellow 1 Ba, S, Zn organic yellow (inferred), lithopone
Yellow 2 Ba, Cd, Fe, S, Ti, Zn titanium white, cadmium-based yellow, lithopone

Light Green Ba, Fe, S, Ti, Zn organic green (inferred), titanium white, possibly Prussian blue
mixture, lithopone

Green Ba, Ca, Fe, S, Si, Ti, Zn Titanium white, organic green(inferred) or possibly Prussian blue
mixture, lithopone

Brown Ca, Fe, Mn, S, Zn Brown umber
Paper As, Co, Cu, Fe, K, Mn, Ni, S, Si Paper
Mat Ca, Fe, Ti Mat

Table A3. Summary of elements present in XRF analysis for plate 55.

Color Elements Present Possible Pigment

Red 1 Ba,Cd, S, Se, Si, Zn Cadmium red, lithopone
Red 2 Ba, Cd, K P, Si, Organic red (inferred) with barium substrate and/or cadmium red

Yellow Fe Iron Oxide
Dark Green Ba, Fe, Mn, S, Si, Zn Organic green (inferred), or mixture with Prussian blue, lithopone
Light Blue S, Si, Ti, Zn, Organic Blue (inferred) mixed with titanium White

Brown Ba, Fe, Mn, S, Si, Zn Brown umber, lithopone
White Si, Ti Titanium white
Paper As, Cu, K, Mn, S Paper
Mat Ca, Fe, P, Ti Mat
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Abstract: There is little information on the actual use of early synthetic organic pigments (SOPs)
in art objects, especially those from before 1950. Their presence can, however, pose a challenge to
conservation because their chemical composition, as well as their lightfastness and sensitivity to
solvents, are often unknown. Here, a study on the non-invasive identification of SOPs in historic pre-
1950 varnished paint-outs from artists’ materials manufacturer Royal Talens is presented. The paints
were analysed using a handheld Raman device. Spectra were evaluated by recording the spectra of
the same samples with a benchtop instrument. This study demonstrated that the identification of
SOPs in varnished oil paints with a non-invasive approach is possible and rather straightforward.
The handheld Raman device allowed us to identify fourteen SOPs from eight pigment classes. Besides
the occurrence of expected and the known SOPs of this time period, there were also some surprising
results, like the detection of the triarylcarbonium pigments PG2 and PB8, and the monoazo Mordant
Yellow 1.

Keywords: synthetic organic pigments; royal talens; handheld raman spectroscopy; microraman
spectroscopy; modern artist oil paint

1. Introduction

After the accidental discovery of mauveine in 1856, a new class of dyestuffs and
pigments was developed and introduced to the market. These were formerly defined
as coal-tar dyes and are nowadays called synthetic organic pigments (SOPs). SOPs are
“manufactured colourants that have a carbocyclic ring skeleton” [1]. In contrast to natural
organic pigments, they are synthesized in a laboratory environment and produced on an
industrial scale, so that natural organic pigments like indigo and alizarin can be considered
as SOPs when they are produced industrially [1].

After their introduction, paint manufacturers started to use SOPs for their tube paints,
which led to new shades in artists’ colours and to the imitation of traditional pigments [2–4].
As it was initially not mandatory for manufacturers to indicate the use of SOPs in their
paint formulations, artists often lacked knowledge of the exact content of their supplies.
Considering the minor fastness characteristics of the early SOPs compared to traditional
pigments, their use also led to material problems previously unknown to the artists, who
tended to take a critical view on these new pigments [2,5]. In contrast to the traditional
artists’ pigments, the availability of certain SOPs is linked to an exact date of introduction,
which can be traced by means of patents. Therefore, the identification of SOPs can not
only provide information about the dating of an artwork, but can also expose forgeries [6].
Furthermore, knowledge of the occurrence of certain SOPs can provide useful information
for restoration and conservation approaches or art technological studies.

SOPs can be difficult to detect in paint samples, because, due to high tinting strength,
relatively small amounts are generally present [7]. Furthermore, these pigments have a very
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small particle size and are usually part of a complex system of ingredients in artists’ tube
paints. Therefore, traditional methods for pigment identification, such as polarised light
microscopy, can hardly be used. Identification with Fourier transform infrared (FTIR) spec-
troscopy may be equally complicated, because the strong and broad peaks of paint binders,
inorganic substrates, or extenders can interfere with the SOPs’ information [8]. Invasive and
destructive methods like pyrolysis gas-chromatography/mass-spectrometry (Py-GC/MS)
can sometimes provide useful information on the presence of certain SOPs, such as azo-
pigments. Others may not be suitable for this technique due to their thermal and chemical
instability [9,10]. High performance liquid chromatography-mass spectrometry (HPLC-
MS) can be challenging too, as getting the pigment to dissolve can be difficult and the
effects of dissolution on the pigment structure may be problematic for interpretation [11].
MicroRaman spectroscopy (μ-RS) has been demonstrated to be a suitable analytical tool
for the identification of SOPs. It is relatively sensitive towards these pigments, requires
little sample material, and allows samples to be used for further, complementary analy-
sis [12–14]. Approaches for μ-RS SOPs identification in samples from artworks are under
constant development [9,10,15,16]. The main limitation in using μ-RS to identify SOPs
in artists’ paints, however, is related to the fluorescence associated with organic binders,
varnish layers and additives, or sometimes even with the target pigments themselves. In
order to obtain an interpretable spectrum, it is important to perform measurements in
equilibrium between fluorescence and the intensity of the Raman signal, which makes this
approach time-consuming [8,17].

All these analytical techniques, however, require the sampling of small paint frag-
ments, which, besides being destructive, can be challenging, as the probability that the
samples are not representative for the materials studied might be quite high [18]. An analyt-
ical approach using non-invasive devices that allow for unlimited measurements therefore
seems desirable [19]. The use of visible reflectance spectroscopy and visible-excited spec-
trofluorimetry was successful for the non-invasive identification of contemporary SOPs [20].
Yet, for the non-invasive study of artworks, Longoni et al. [20] recommend the use of fur-
ther complementary non-invasive analysis. The usage of portable Raman systems seems to
be promising [21,22]. A portable device that minimizes fluorescence and can operate at
low energy is needed. Damage by strong laser absorption should be avoided to prevent
local burns, which may occur especially on opaque or dark materials [8].

Different handheld Raman systems have been reviewed and tested for their applica-
tion in the field of cultural heritage [19,23–25]. Technological developments have countered
the most difficult problems, such as low Raman signal, high fluorescence, and environmen-
tal interactions, as well as the positioning and focusing of the laser [26,27]. To date, the
Bravo handheld Raman instrument developed by Bruker seems to be the most promising
device [19] and its applicability to the study of modern art was evaluated [28]. This device
employs a DUO Laser system (785 nm and 853 nm), recording spectra in two separate spec-
tral ranges of 300–2200 and 1200–3200 cm−1, respectively. The patented sequential shifted
excitation (SSETM) works by temperature-shifting the lasers over a small wavelength
range and recording three spectra per laser, finally merging them into a seventh averaged
spectrum. In this way, and through the use of near infrared lasers, the system is able to
reduce fluorescence and excite colour with low efficiency, also enabling the measurement of,
for example, varnished paint samples [19,23,27]. However, Pozzi et al. [19] observed that if
the peaks and curves of the individual spectra differ too much from each other, there is a
risk of creating artefacts within the averaged spectrum. Another disadvantage of the device
is related to the fact that the only two adjustable settings are exposure time and acquisition
number, but not the energy of the laser, which can be a risk for certain art-technological
studies [19]. These aspects, regarding the spectral quality and applicability, are discussed
within this study.

The aim of this research is to study the potential of a handheld Raman device in
identifying SOPs in historical varnished paint-outs (1932–1950) with consideration to
future applications in the non-invasive study of early SOP-containing paintings.
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Ongoing work on the collection of SOPs Raman reference spectra (https://soprano.
kikirpa.be, accessed on 30 June 2021 [14,29]) enables and simplifies pigments’ identification.
These reference spectra were often obtained by studying modern artists’ supplies and can
give an idea of the actual SOPs that can be expected.

Before 1950, the following SOP groups were already developed and established:
β-Naphthol pigment lakes; BON pigment lakes (pigments produced with 2-hydroxy-3-
naphthoic acid as coupling component); β-Naphthol; Pyrazolones; Hansa Yellows; Di-
arylides; Naphthol AS; Iron complex Pigment Green B; Phthalocyanines; Nickel Azo
Yellow [30]. However, as already mentioned, the actual distribution and use of this “new”
group of pigments within artists’ materials is still unclear today. Attempts to provide an
overview of the SOPs that were known before 1950 and of their occurrence in artists’ paints
demonstrated the need for more research [7,30]. A starting point could be the study of the
production archives of artists’ material suppliers.

Our research in the archives of Royal Talens and its main pigment suppliers before
1950, BASF and Bayer, shows that there are considerably more SOPs used in artists’ paints
than hitherto known [4,11,31]. Notably, most of them have not been traced in paintings.

This study focuses on SOPs in Royal Talens’ artists’ oil paints from before 1950. Soon
after its foundation in 1899, Talens developed into a major international player on the
market, already selling more than 1,500,000 oil paint tubes in 1918 [32]. European artists
such as van Dongen, Kirchner, Appel, and Munch used Talens’ Rembrandt oil paints [33].
In this position, Talens declared the use of SOPs in fine artists’ oil paint publicly in the
beginning of the 1930s.

Based on pre-1950 oil paint recipes [4,16], a selected set of paint-outs (1932–1950)
from the Royal Talens’ archive was investigated. For the assessment and evaluation of
the handheld Raman spectra, micro samples of the historic Talens paint-outs were also
analysed with a benchtop microRaman spectrometer.

Handheld Raman spectra were evaluated, taking into account their major points
of criticism, like background fluorescence, the intensity of the Raman signal, spectral
resolution, and the risks of laser energy induced damages.

2. Materials and Methods

2.1. Samples

The sample selection consisted of paint-outs from 1932 to 1950. These were included
within colour charts specifically dedicated to coal-tar pigments, labelled as unalterable
Teerkleurstoffen [coal-tar dyes] (Figure 1), which were published in six editions of the
book Kunstschildersmaterialen en Schildertechniek [Painting materials and painting tech-
nique] [34–40]. The books deal with Talens’ fine Rembrandt artists’ oil paints, which were
on the market since 1904 [4,33]. In addition, some paint-outs that were listed under in-
organic names within the inorganic paint colour charts, but suspected to contain SOPs
according to recipe interpretation, were examined as well. To obtain results on a larger data
set, it was decided to measure (if available) the same set of 42 potentially SOP-containing
paint-outs in each Kerdijk edition, even if, according to the recipes, the same SOPs were to
be expected. In total, 193 samples were analysed with handheld Raman spectroscopy and
for comparison with benchtop microRaman spectroscopy. Samples were labelled with a
“K” (Kerdijk) and the year of publication. All paint-outs were varnished.

2.1.1. Instrumentation

The handheld Raman measurements were conducted with a Bravo Spectrometer
(Bruker). The device works with two excitation wavelengths, recording spectra in two
separate spectral ranges of 300–2200 and of 1200–3200 cm−1 with a DUO Laser system
(785 nm and 853 nm). The near infrared lasers (NIR) aid in reducing fluorescence, as the
photon does not possess enough energy to induce high molecular fluorescence [22,41].
Furthermore, using two lasers enables researchers to obtain better quality data in the
overlap region of 1200–2200 cm−1 and lowers fluorescence interference [19]. The energy
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reaching the surface during the measurement is officially stated to be less than 100 mW
(Table 1). Since the energy cannot be set manually, this indication is too unspecific to
be taken as a guide value when analysing delicate cultural heritage objects. In order to
estimate the energy that actually reaches the surface of the sample, measurements were
carried out with a “Power and Energy Meter” from Thorlabs, using the same settings of
the historic Talens paint-outs analyses. The measured energy value was about 45 mW, with
measurements conducted at a distance of about half a millimetre, with a spot size of 1 mm.
This value also agrees with that determined by Pozzi et al. of about 50 mW [19].

 

Figure 1. Kerdijk colour chart from 1932, presenting a selection of Talens’ Rembrandt artists’ oil paints ‘à
base de goudron’ (based on coal tar). Please note that the colours are defined as ‘inaltérables’ (unalterable).

Table 1. Characteristics of the microRaman and handheld Raman devices.

Name/Producer MicroRaman a Handheld Raman b

Laser system 350 mW near infrared laser
(class3B laser device) Dual laser excitation

Wavelength 785 nm 785 nm and 853 nm
Max. laser power of device 100 mW <100 mW (both lasers)
Max laser output on sample 21.7 mW (50× magnification) 45 mW (working distance)

Spectral range 95–3500 cm−1 300–3200 cm−1

Spectral resolution 4 cm−1 10–12 cm−1

Spot size 10–20 μm 10–15 μm c

Working distance (depending on magnification) ca. 0.5 mm
a Perkin Elmer, RamanMicro 300, coupled to Raman Station 400F; Available online: https://www.perkinelmer.
com/CMSResources/Images/46-74804SPC_RamanStation400RRamanStation400F.pdf (accessed of 14 July 2020).
b Bravo Bruker [13,23,32]. c Due to the lack of a camera and the size of the laser pinhole of 3 mm, it was not
possible to precisely focus on this spot size.
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To evaluate the handheld device’s performance for the identification of SOPs, the
colour charts were also analysed with a benchtop microRaman instrument. These reference
spectra were recorded with a RamanMicro 300 in combination with a RamanStation 400F
(Perkin Elmer, Waltham, MA, USA) and an Olympus BX51M microscope (Table 1). Micro-
Raman spectra were acquired from very small samples of the same paint-outs. After the
mechanical removal of the varnish from the sampling area, minute paint fragments were
taken at the upper right edge where the paint film is thickest. The samples were placed on
an aluminium tape, mounted on a glass slide, and positioned as close to perpendicular to
the optical axis as possible to reduce fluorescence [42].

Spectra were recorded in the range of 300–2000 cm−1, in order to perform the analysis
within the same range as the handheld Raman. The microRaman reference spectra were
only baseline corrected when necessary for their readability.

2.1.2. Acquisition of Spectra

As the Bruker Bravo does not include a camera, the measurement preparation de-
manded precise positioning. To locate and define the measuring spot on the paint-outs, a
Melinex® template in the shape of the optical head was used. Measurements were taken at
the closest possible distance without touching the surface, which was approximately half
a millimetre. Since this study was undertaken to investigate the possibility of analysing
SOPs in real artworks where focusing on well-defined paint spots is mandatory, it was
decided not to use the de-focusing tip. Handheld Raman spectra were recorded with initial
settings of 100 ms and 20 acquisitions within the spectral range of 300–2000 cm−1. These
settings proved to be efficient to verify the Raman signal and fluorescence. Depending on
the signal to noise ratio of the spectrum, these settings were tuned to: acquisition times
100–300 ms; 50–200 acquisitions.

A common limitation of portable Raman devices is the reduced possibilities to control
the measurement settings [19]. For the Bravo spectrometer, the lack of direct control of the
laser energy was considered potentially problematic. As the maximum energy reaching the
surface is quite high in comparison to the Perkin Elmer microRaman instrument (Table 1),
the measurement spot was checked under the microscope before and after analysis in order
to be able to track possible laser induced damage.

Measurements were recorded without removing the varnish layer from the paint-
outs at the upper middle edge of the samples, in order to measure a spot with high
pigment density.

2.1.3. Interpretation of Raman spectra

Handheld Raman spectra were interpreted using reference spectral databases. Raman
reference spectra of SOPs have been published listing the peaks with their relative intensity
or in digital databases [10,14,29]. Furthermore, the continuously updated in-house built
Raman spectral library was used.

It should, however, be taken into account that reference spectra are mostly acquired
on pure materials, like pigment powders. When compared with paint systems, differences
in heat dispersion or fluorescence behaviour may lead to slight differences in the spec-
tra [43,44]. The excitation wavelength and power of the laser can influence the reference
spectra too. As KIK-IRPA documents the exact measurement settings for each reference
spectrum (https://soprano.kikirpa.be, accessed on 21 August 2020), their database was
used as the main reference for the interpretation of the spectra, in addition to the in-
house database.

In some cases, it was not possible to interpret the Raman spectrum and assign it
to a defined pigment. In these specific cases, additional methods, such as ultra-high
performance liquid chromatography mass spectrometry (UHPLC-MS), were used to try to
identify the unknown samples. These results were verified by analysing corresponding
references from the in-house reference collection.
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3. Results and Discussion

As a pre-interpretation step of the Raman spectra acquired from the Kerdijk paint-outs,
production recipes collected at the Talens’ archives were studied and evaluated and a list
of expected SOPs was made [4]. Where possible, the commercial names used in the recipes
were related to the Colour Index definitions, e.g., the pigment Hansa Geel 10 [Hansa
Yellow 10] corresponds to PY3. Then, the acquired Raman spectra were compared with the
reference spectra of the expected SOPs.

Table 2 gives a detailed overview of the analysed paint-outs and their interpretation.
The expected SOPs according to the recipes are reported. The settings for acquisition refer
to the averaged settings yielding the best result. It was found that the handheld Raman
produces readable and interpretable spectra with defined peaks at almost constant settings
of 150–200 ms exposure time and 100–200 acquisitions.

3.1. Identified SOPs

The Talens Rembrandt oil paints of the Kerdijk colour charts were revealed to contain
the SOPs of eight different pigment groups. Furthermore, it was also possible to identify
paints that contained a mixture of SOPs (Table 2).

Some of these SOPs belong to groups that are already well known to have been used
in fine artists’ materials and can be expected in this time period. This concerns SOPs
belonging to the BONA, monoazo, and phthalocyanine group as well as the ß-Naphthol
pigments PR3 and PO5, which have indeed been found in artworks from before 1950 [30].
In other cases, the Kraplak [madder], Karmijn [carmine], and Alizarine [alizarine] paint-
outs provided well defined spectra, but the SOPs have not yet been identified and are
labeled as “unknowns”.

Among the identified SOPs, there are also some pigments that were not yet known to
have been used for the production of fine artists’ paints dated before 1950. The occurrence
of the mordant dyes and triarylcarbonium pigments are among the most surprising results
of this study and emphasizes the importance of searching unexpected possible pigment
groups in pre-1950 artists’ materials. Three examples are discussed in more detail.

The paint-out Gamboge from 1932 was revealed to contain Mordant Yellow 1. This
SOP was discovered by Nietzki in 1887 and is also known as Alizaringelb GG [Alizarine
Yellow GG] or Beizengelb TG [Mordant Yellow TG] [45]. Wagner (1928) reports that this
pigment was not very popular because of the elaborate preparation needed to obtain a pure
product. It is therefore surprising that, according to the recipe records, Talens has used this
SOP for fine artists’ material production for almost 20 years [34,46]. Figure 2 displays the
handheld Raman spectrum of the paint-out Gamboge and the microRaman spectrum of
Mordant Yellow 1 from the in-house reference collection. The handheld Raman spectrum
displays the peaks that allow an interpretation, but also contains artifacts.

Within the paint-out Talens Groen Licht [Talens Green Light] the pigment PG9, a SOP
belonging to the group of Indamine, was detected. This pigment, a barium salt of an iron
complex, was discovered in 1909 and labelled as Hansagrün GS [45]. It was recommended
by the Colour Index to be used “particularly in mixture with CI PY 1 or 3” [45–47]. Schultz
(1931) describes the pigment as a “very lively green when mixed with Hansa Yellow for
all purposes (almost as fiery as Schweinfurter Green)” [48]. This suggests its use in artists’
colours in mixture with monoazo yellows as a substitute of the toxic inorganic pigment
and fits therefore to Talens’ application, documented in the recipe of Talens Green Light.

Figure 3 shows the handheld Raman spectrum of the paint-out Talens Green Light
and, for comparison, the microRaman spectrum of a Hansagrün GS reference (paint-out
from Wagner, 1928). The peaks of the PY3 component in the reference spectrum are very
faint, which can be related to different PY3 and PG9 ratios within the samples.
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Figure 2. Handheld Raman spectrum of the paint-out Gamboge (K32) and the microRaman spectrum of Mordant Yellow
1, labelled as Alizarine Yellow GG (reference collection of the Cultural Heritage Agency of the Netherlands, Amsterdam,
The Netherlands).

 
Figure 3. Handheld Raman spectrum of paint-out Talens Green Light (K32) and the microRaman spectrum of reference
Hansagreen GS (Wagner, 1927), mixed with barium sulphate (987 cm−1), both showing the characteristic peaks of PG9 in
mixture with PY3. The peaks that clearly correspond to the KIK-IRPA reference for PY3 are highlighted with a star.
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Two paints of the Talens in-house brand, labelled as “Talens paints”, showed triaryl-
carbonium pigments. In the paint-out Talens Groen Donker [Talens Green Dark] of the
1941–1950 editions, the green pigment PG2 was identified. PG2, brought to the market
under the product name Fanalgelbgrün [Fanal Yellow Green], is defined as either a mixture
of Basic Green 1 and Basic Yellow 1, precipitated with phosphotungstomolybdic acid
(PTMA), or Basic Green 1 with Auramin O, precipitated with PTMA [31,45,48].

The other triarylcarbonium pigment that was identified is PB8. It was detected in the
paint-out Talens Green Dark (1932), contradicting the recipe (Table 2), and in the Talens
Groen Blauw [Talens Green Blue] in the editions from 1932 and 1937. PB8, labelled in
the Talens recipes as Fanalbremerblau G neu [Fanal Bremer Blue G new], is a mixture
of Basic Blue 5 and Basic Green 1, precipitated with PTMA [17]. Figure 4 displays the
handheld Raman spectrum of Talens Green Blue and the reference microRaman spectrum of
a reference sample, labelled as a mixture of Basic Blue 5 and Basic Green 1 precipitated with
PTMA, provided from the Historic dye collection of the technical university in Dresden.

Figure 4. Handheld Raman Spectrum of paint-out Talens Green Blue (K32) and the microRaman spectrum of a reference
sample containing Basic Blue 5 and Basic Green 1, precipitated with PTMA (Historic Dye Collection, Dresden, Germany).

Both PB8 and PG2 belong to the Fanal brand, which was introduced by I.G. Farben in
1924 [31]. Lomax et al. [1] point out that “the major use of these pigments [triarylcarbonium]
is in the printing ink industry” and it seems surprising that Talens chose these SOPs for
their fine artists’ oil paint brand. However, Steger et al. detected two pigments (PV2 and
PG1), belonging to this group, in a reverse glass painting from 1945 [49].

3.2. Evaluation of the Handheld Raman’s Applicability

Raman spectra were not only interpreted for pigments’ identification, but also evalu-
ated for readability and quality. When dealing with the handheld Raman spectra that were
acquired from our samples, we came across some of the issues that generally arise in the
discussions about the applicability of handheld Raman spectroscopy [19].

A common problem which can lead to uninterpretable spectra is the occurrence of
strong fluorescence that obscures the Raman scattering signal and affects the accuracy
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and sensitivity of the measurements [50]. As mentioned, the Bravo-Raman device uses
sequentially shifted excitation, a patented fluorescence minimization method [19].

As an example, a paint-out containing a Hansa Yellow pigment was selected to
demonstrate the result of the automatic fluorescence reduction. This important class of
SOPs, which is commonly found in modern artworks [30], often exhibits strong fluorescence
in Raman spectroscopy. Figure 5 shows the handheld Raman spectrum of the paint-out
Talens geel citroen [Talens yellow lemon], where Hansa Yellow (PY3) was identified. The
spectrum recorded with the microRaman was not further processed after acquisition
and shows a distinct fluorescence, whereas the spectrum recorded with the handheld
Raman appears to be corrected in this respect, thanks to the SSE approach and the two
lasers. The spectrum presents intense peaks, although the spectral resolution is not very
high, as demonstrated by the lack of a peak at ~1593 cm−1, which was present in the
microRaman spectrum.

Figure 5. Handheld and microRaman spectra of paint-out K44 Talens Yellow Lemon.

Another issue we considered was the merging or shifting of peaks as a consequence
of over excitation, when measuring with a high, non-adjustable energy. This was observed
in the Handheld Raman analysis of the paint-out Talens Rood Donker (Talens Red Dark),
containing PR3 (Figure 6). Peaks that are close to each other and similar in intensity seem
to be smoothed. This could be due to the high laser power, which might be responsible
for a shift in peaks to lower wavenumbers, peak broadening, or twin peaks merging (for
example at 1621 cm−1 and 1605 cm−1).

Another example of possible overexcitation is reported in Figure 7. Here the handheld
Raman spectrum of paint-out K41 Rembrandtgroen [Rembrandtgreen] is shown where
the green copper phthalocyanine pigment PG7 was identified. Analysing phthalocyanine
pigments with Raman spectroscopy can lead to overexcitation and peak shifts [29,51].
Fremout et al. (2012) made this observation while analysing the related PB15 pigment and
state that the exact reason for this phenomenon is unclear and that a reversible, heat induced
deformation of the crystal structure is possible [29]. The handheld Raman and microRaman
spectra seem indeed to be shifted when compared to the KIK-IRPA reference spectrum
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(https://soprano.kikirpa.be, accessed on 30 June 2021 [30]) (Figure 7). However, the PG7
spectrum published by Schulte et al. fits our Raman spectrum [10]. These discrepancies
might be explained by the spectral differences observed for dry pigment powder and paint
systems. Defeyt et al. noticed peak shifts when comparing the Raman spectra of blue
copper phthalocyanine PB15 as a dry pigment powder and mixed with a binder [43].

Figure 6. Handheld and microRaman spectra of paint-out K50 Talens red dark, mixed with barium sulphate (986 cm−1).

 
Figure 7. Handheld and microRaman spectra of paint-out K41 Rembrandtgroen and the KIK-IRPA reference spectrum for PG7.
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Figure 8 reports the spectrum of Talens rose [Talens pink] in comparison with the
reference spectra of the BON pigment lake Lithol Rubine, precipitated on two different
substrates. This example was chosen to illustrate the possible effects of the minor spectral
resolution of the handheld Raman device when examining closely related pigments. The
KIK-IRPA references of Lithol Rubine PR57:1 (calcium carbonate salt) and PR57:2 (barium
salt) show slight spectral differences, allowing a differentiation, given that the recorded
spectrum is well defined. The spectral resolution of the Bravo device is 10–12 cm−1, which
turns out to be almost three times lower than that of our microRaman device (Table 1).
Pozzi et al. also noted that “the inferior spectral resolution compared with benchtop
spectrometers may cause difficulties in differentiating among closely related molecules
with similar Raman fingerprints, especially if the analyses have poor Raman cross section
or their spectra are characterized by low signal-to-noise ratio” [19]. It was, however, shown
that the handheld Raman spectrum of Talens rose [Talens pink] contains the small spectral
features that allow the assignment to PR57:1. In this case, the minor spectral resolution of
the handheld Raman proved to be sufficient to allow a clear identification.

Figure 8. Handheld Raman spectrum of paint-out Talens rose and Raman spectra of the KIK-IRPA PR57:1 and PR57:2 references.

Two paint-outs (K37 Paul Veronesegroen [Paul Veronese Green] and K37 Dekgroen
[Dekgreen]) were revealed to be rather sensitive to the handheld Raman lasers. The after-
measurement check of the surfaces showed local burns, resulting in a small (~0.5 mm) black
discoloration. According to Talens’ recipes, these samples should contain a green SOP, but
the X-ray fluorescence (XRF) measurements identified a copper arsenic pigment, which is
rather sensitive to Raman laser irradiation. The analysis of these paint-outs highlights a
strong disadvantage of the handheld Bravo, namely the non-adjustable laser energy, which
is about 50 mW, more than two times higher compared to the microRaman instrument
we used. The laser power can, however, be reduced by increasing the working distance
to 1–2 mm. In this way, potential changes or thermal damage can be minimized or even
prevented. Pozzi et al. [19] address this problem by proposing preventive measurement
settings for sensitive samples. Other recommended options to avoid damage are the
placement of a neutral density filter in front of the laser spot or the use of a defocusing tip.

111



Heritage 2021, 4

It is worth mentioning that no SOP-containing paint-out showed any comparable
damage. Since the sensitivity of emerald green is known, preliminary elemental analysis
with XRF spectroscopy would have raised attention to this risk and demanded preventive
action by adjusting the measurements settings.

4. Conclusions

This study demonstrated that identification of SOPs with a non-invasive approach in
modern oil paint systems, also in the presence of a varnish layer, is possible. The handheld
Raman was able to identify a large variety of SOPs—belonging to eight different pigment
groups—within the historic varnished paint-outs of a leading artists’ paint manufacturer
and provided in the meantime a very useful insight into the use of early SOPs in modern
artists’ oil paints dated 1932–1950.

This research intends to provide a basis for future research into the non-invasive
identification of SOPs in pre-1950 works of art. Detailed knowledge about the type and the
characteristics of modern SOPs contributes to a better understanding of artists’ materials
from this period and helps to assess the restoration and conservation needs. Setting these
pigments into their art technological context will contribute to studying the history of
certain works of art and add to the knowledge available to detect forgeries.

Some of the SOPs identified within this study have not yet been analytically detected
within works of art from before 1950. This outcome emphasizes the importance of further
and intensive study of the use of SOPs in modern art. On the one hand, the knowledge
of how to analyse SOPs without taking samples in a scan-like examination setup opens
up new possibilities for their further investigation. On the other hand, this non-invasive
approach can be used to clearly determine adequate spots for sampling, when necessary.

The advantages and drawbacks of the use of handheld Raman spectroscopy in the
investigation of SOPs in artists’ materials were considered. Thanks to the efficient suppres-
sion of fluorescence, varnished paint systems could be analysed and it was even possible
to identify the mixtures of SOPs. The rather low resolution was a limiting factor, but
turned out to be not too problematic for this set of samples. In some cases subtle spectral
differences could still be detected, enabling a distinction between pigment substrates. The
issue of non-adjustable energy was revealed to only be risky for one inorganic pigment,
but this can be addressed with other non-invasive complementary techniques, such as
handheld X-ray fluorescence spectroscopy. Another challenge is the lack of a camera for
exact positioning. In this study a Melinex®template was successfully used for the analysis
of the paint-outs, but the examination of specific and/or detailed paint areas in artworks
could be hindered or difficult, depending on the surface and type of object.
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Abstract: This paper presents the results of an extensive study of 14 paintings by the pioneering
Singapore artist Liu Kang (1911–2004). The paintings are from the National Gallery Singapore and
Liu family collections. The aim of the study is to elucidate the painting technique and materials from
the artist’s early oeuvre, Paris, spanning the period from 1929 to 1932. The artworks were studied
with a wide array of non- and micro-invasive analytical techniques, supplemented with the historical
information derived from the Liu family archives and contemporary colourmen catalogues. The
results showed that the artist was able to create compositions with a limited colour palette and had a
preferential use of commercially available ultramarine, viridian, chrome yellow, iron oxides, organic
reds, lead white, and bone black bound in oil that was highlighted. This study identified other minor
pigments that appeared as hue modifications or were used sporadically, such as cobalt blue, Prussian
blue, emerald green, cadmium yellow, cobalt yellow, and zinc white. With regard to the painting
technique, the artist explored different styles and demonstrated a continuous development of his
brushwork and was undoubtedly influenced by Modernists’ artworks. This comprehensive technical
study of Liu Kang’s paintings from the Paris phase may assist art historians and conservators in the
evaluation of the artist’s early career and aid conservation diagnostics and treatment of his artworks.
Furthermore, the identified painting materials can be compared with those used by other artists
active in Paris during the same period.

Keywords: Liu Kang; SEM-EDS; MA-XRF; FTIR; IRFC; X-RAY; RTI; hidden paintings; pigments

1. Introduction

Liu Kang (1911–2004) was one of the most influential figures in the early development
of modern art in Singapore. He was born in Yongchun, Fujian province, China. After
graduating from Xinhua Arts Academy in Shanghai in 1928, he moved to Paris, where he
stayed from February 1929 to April 1932. In the early decades of the 20th century, there was
a growing enthusiasm in China towards the study of Western culture. Western art appealed
to Chinese educational modernisers because of its realism and supposed association with
science and progress [1]. Hence, the Chinese government encouraged graduates as well as
established artists to further their art education in France and to promote modernisation
ideas in a rapidly transforming China upon their return [2]. Liu Kang’s stay in Paris had
a significant influence on his career. He attended the Académie de la Grande Chaumière
in Montparnasse and studied Impressionist, Post-Impressionist, and Fauvist styles [3].
In an essay from 1970, Liu Kang made a reference to his Paris phase: “We visited fine
art museums and studied the masterpieces of past generations of artists, toured famous
art galleries to admire recent works by contemporary artists, and gained much from this
initiation” [4].

Heritage 2021, 4, 828–863. https://doi.org/10.3390/heritage4020046 https://www.mdpi.com/journal/heritage
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Although his Paris paintings may seem to show a chaotic mixture of different styles at
first glance, a close examination reveals a variety of influences and the search for an individual
technique. Liu Kang was attracted to Post-Impressionist and Fauvist styles for their expressive
use of colour and form to depict a subjective view of the world [5,6]. It is worth noting that his
artistic explorations of the Western painting styles achieved some success—his works were
accepted by Salon d’Automne in 1930 and 1931. The variety of styles adopted by the artist in
Paris invites the question of whether he actively explored different painting materials. Hence,
this study aims to characterise Liu Kang’s painting technique and the pigments he used during
the period under review. This study expands the scope of the earlier preliminary investigation
of two of Liu Kang’s paintings [7,8] and the overview of his painting supports from Paris
phase [9]. The collected data contribute to the knowledge of Liu Kang’s painting materials. It
may be useful to art historians exploring Liu Kang’s workmanship and conservators planning
conservation treatments of his paintings.

2. Materials and Methods

2.1. Materials
2.1.1. Investigated Paintings

The discussion focuses on seven paintings from the National Gallery Singapore (NGS)
and six paintings from the Liu Kang Family Collection (Figures 1 and 2). The inclusion of
the paintings from the Liu collection ensured that the overall research base represents a
range of the artist’s genres and painting technique during the period from 1929 to 1932. It
needs to be noted that the Paris phase also includes artworks he painted during a trip to
Saint Gingolph on the French–Swiss border between 8 August and 20 September 1929 [10].
The painting supports of the investigated artworks are not in the scope of this research as a
comprehensive study of the supports was carried out earlier [9].

2.1.2. Samples

A total of 59 samples of the paint layer were collected only from the NGS paintings
(Figure 1). There was no intention of carrying out any invasive sampling procedures on the
paintings from the Liu collection.

2.2. Methods

The range of the applied analytical methods differed between the NGS and Liu collec-
tions, mainly due to the Liu family’s wish to conduct only non-invasive in situ examination
of their paintings. Thus, only visible light (VIS) photography of the characteristic features
of the paint layers was conducted on paintings from the Liu collection to provide further in-
sights into the artist’s painting technique. The NGS paintings were studied first by means of
non-invasive imaging techniques, comprising VIS, ultraviolet fluorescence (UVF), reflected
ultraviolet (UVR), and near-infrared (NIR) photography. The aim of these non-invasive
techniques was to conduct a preliminary characterisation of the pigments by recording
their optical features under different wavelengths of the electromagnetic spectrum. An
investigation of the paint textures was conducted with reflectance transformation imaging
(RTI). To verify the presence of underlying paint layers, NIR and X-ray radiography (XRR)
were carried out. The obtained results guided a sampling of the paint layers from the
areas with prior loss, for characterising the paint mixtures in detail. Thus, the samples
were analysed using optical microscopy (OM), polarised light microscopy (PLM), and
field emission scanning electron microscope with energy dispersive spectroscopy (FE-SEM-
EDS). A handheld portable X-ray fluorescence (XRF) was used to analyse some areas of the
Countryside in France where sampling was not safe. A macro X-ray fluorescence (MA-XRF)
scanner was engaged to perform the elemental mapping of Landscape in Switzerland and
to support interpretation of data collected from the painting. The initial indication of the
organic components of the paint samples was given by attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR). The results are summarised in Appendix A,
Table A1.
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Figure 1. Paintings by Liu Kang from the collection of National Gallery Singapore: (a) Autumn colours,
1930, oil on canvas, 38.3 × 45.3 cm; (b) Countryside in France, 1930, oil on canvas, 46 × 54.7 cm, gift of
the artist’s family; (c) Landscape in Switzerland, 1930, oil on canvas, 45.6 × 55.7 cm, gift of C Y Hwang;
(d) Village scene, 1931, oil on canvas, 46 × 55 cm, gift of the artist’s family; (e) French lady, 1931, oil on
canvas, 60.7 × 45.8 cm; (f) Boat near the cliff, 1931, oil on canvas, 53.7 × 72.4 cm, gift of the artist’s
family; and (g) Breakfast, 1932, oil on canvas, 46 × 54 cm. Images courtesy of National Heritage Board.
White arrows indicate sampling areas.
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Figure 2. Paintings by Liu Kang from the Liu Kang Family Collection: (a) St Gingolph, Lac Leman,
Switzerland, 1929, oil on canvas, 45.5 × 37.5 cm; (b) Landscape, 1930, oil on canvas, 46 × 38 cm; (c) Still
life with books, Paris, 1931, oil on canvas, 45 × 38 cm; (d) Portrait of a man with his pipe, Paris, 1931, oil
on canvas, 45 × 38 cm; (e) Self-portrait, 1931, oil on canvas, 55 × 46 cm; and (f) My landlady, Madame
Normand, 1932, oil on canvas, 54 × 45 cm. Images courtesy of Liu family.
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2.2.1. Technical Photography

High-resolution technical images were acquired according to the workflow proposed
by Cosentino [11–13]. A Nikon D90 DSLR modified camera with a sensitivity of between
about 360 and 1100 nm was used. The camera’s white balance preset for VIS photography
was created with the X-Rite White Balance Target. The American Institute of Conservation
Photo Documentation target was used to additionally finetune the white balance and
determine optimum exposure for the VIS imaging. The photographs were shot RAW and
further processed by Adobe Photoshop CC according to the standards described by the
American Institute of Conservation [14].

VIS and UVF photography at 365 nm were taken with X-Nite CC1 and B + W 415
filters mounted together. NIR photography at 1000 nm, with an additional aim of false-
colour infrared imaging (IRFC), was taken with Heliopan RG1000. UVR photography was
achieved with Andrea “U” MK II filter.

A pair of 500 W halogen lamps were used for the VIS and NIR illumination system.
The light source for UVF and UVR imaging consisted of two lamps equipped with eight
40 W 365 nm UV fluorescence tubes.

2.2.2. RTI

RTI was carried out according to the workflow proposed by the Cultural Heritage
Imaging [15]. The images were processed using Adobe Photoshop CC, followed by RT-
IBuilder and RTIViewer software, as proposed by the Cultural Heritage Imaging [16,17].

2.2.3. XRR

The paintings from the NGS collection were digitally XRR using a Siemens Ysio Max
digital XRR system with a detector size of 350 × 430 mm and a resolution of over 7 million
pixels. The X-ray tube operated at 40 kV and 0.5–2 mAs. The images were processed with
iQ-LITE imaging software and then exported to Adobe Photoshop CC for final alignment
and merging.

2.2.4. XRF

XRF measurements were performed using Thermo Scientific™ Niton™ XL3t 970
spectrometer with a GOLDD+ detector and an Ag anode X-ray tube with a 6–50 kV voltage
and up to 0.2 mA current. A mining mode with four elemental ranges and a measurement
duration of 50 s each (total acquisition time of 200 s) was used to better differentiate the
light elements from the heavy ones. The spectra were collected from a 3 mm diameter spot
size. The acquired spectra were collected and processed using Thermo Scientific™ Niton
Data Transfer (NDT™) 8.4.3 software.

2.2.5. MA-XRF

The elemental mapping of Landscape in Switzerland was conducted with the M6 Jet-
stream from Bruker Nano GmbH. The instrument’s measuring head is equipped with a
Rh-target microfocus X-ray tube (30 W, maximum voltage of 50 kV, maximum current
of 0.6 mA), and a 30 mm2 active area XFlash Silicon Drift Detector (energy resolution of
<145 eV for Mn-Kα). The measuring head is mounted on an X-Y-Z motorised stage with a
maximum travel range of 800 × 600 × 90 mm. The instrument offers an adjustable spot
size from 100 μm to approximately 500 μm [18]. The paintings’ elemental distribution
maps were acquired with a dwell time of 10 ms/pixel, a pixel size of 300 μm, and an anode
current of 599 μA. The data were collected and analysed with the Bruker’s M6 software.

2.2.6. FE-SEM-EDS

The paint samples’ cross-sections were mounted on carbon tapes and examined with
a Hitachi SU5000 FE-SEM coupled with Bruker XFlash® 6/60 EDS. The SEM, backscattered
electron mode (BSE) was operated with 60 Pa chamber pressure, accelerating voltage of
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20 kV, 50–60 intensity spot and a working distance of 10 mm. The acquisition of data and
processing were performed using the Bruker ESPIRIT 2.0 software.

2.2.7. ATR-FTIR

ATR-FTIR analyses were performed using a Bruker Hyperion 3000 FTIR microscope
equipped with a mid-band MCT detector, coupled to a Vertex 80 FTIR spectrometer. For
each sample, 64 scans were recorded in the spectral range of 4000–600 cm−1 and resolution
of 4 cm−1. The spectra were interpreted with Bruker Opus 7.5 software.

2.2.8. OM and PLM

The samples’ structure was studied in reflected VIS and UV light on a Leica DMRX
polarised microscope at magnifications of ×50, ×100, ×200, and ×400 coupled with a
Leica DFC295 digital camera. PLM was carried out in transmitted VIS light at magnifi-
cations of ×100, ×200, and ×400 using the methodology developed by Peter and Ann
Mactaggart [19].

2.2.9. Preparation of Samples

The samples selected for the cross-sections were embedded in a fast-curing acrylic
resin, ClaroCit from Struers (Cleveland, OH, USA), and fine polished. The PLM pigment
dispersions were prepared with a Meltmount nD = 1.662 mounting medium from Cargille
(Cedar Grove, NJ, USA).

2.3. Archival Sources

The technical examination of paintings was supplemented with materials from the
Liu family archives to elucidate the artist’s painting practice. These materials include Liu
Kang’s photographs, watercolours artwork, and a Lefranc artists’ colourmen price list of oil
colours from October 1928. The latter may reflect the artist’s interest in Lefranc colours as
he had brought the price list home [8]. However, firm conclusions about any links between
the Lefranc colours and materials used by Liu Kang should not be made due to weak
evidence at the current stage of the research. From observing the advertisement sections
of Le Salon’s 1930 and 1932 exhibition catalogues [20,21] and Salon des indépendants
1930 [22], it is deducible that Liu Kang might have had access to a great range of painting
materials from other local manufacturers and retailers [9]. He also might have had an
opportunity to purchase the overseas brands from retailers, such as Lechertier Barbe LTD,
Paris American Art Co., and S. C. & P. Harding (Paris) LTD (Figure 3). The advertisements
of these retailers listed a selection of local brands such as Lefranc, Bourgeois Ainé, as well
as imported materials from Rowney, Winsor & Newton (W&N), Talens, and Schmincke.
While it remains uncertain what brand of colours the artist used, some references are made
to the contemporary colourmen catalogues, such as the W&N catalogue from 1928, Lefranc
catalogues from 1928 to 1931, and Bourgeois Ainé catalogue from 1929 to provide insights
into the availability of certain pigments that are found in the paintings under investigation.
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Figure 3. Advertisements by official retailers of local and overseas art materials, available in Paris
in 1930 and 1932: (a) Lechertier Barbe LTD; (b) Paris American Art Co.; (c) Talens and Zoon, S.A.
advertisement indicating Paris American Art Co. as its Paris representative; and (d) S. C. & P. Harding
(Paris) LTD.

3. Results and Discussion

3.1. Pigments
3.1.1. Blue

Blue painted areas of the examined paintings are very often imaged purple in an
IRFC, suggesting a use of ultramarine and/or co-containing blue. The analyses confirmed
that the different blue hues primarily involve ultramarine (sulphur-containing sodium
aluminium silicate), observed with PLM by particles with low refractive index that appear
red with Chelsea filter and by SEM-EDS detection of Na, Al, Si, and S. Admixtures of
viridian (hydrated chromium oxide) were confirmed by the detection of Cr and coincident
PLM observation of large and rough particles with high refractive index. The presence of
ultramarine and viridian is compliant with the purple appearance of the paint mixture in
IRFC. Admixtures of cobalt blue (cobalt aluminium oxide) were confirmed with SEM-EDS
by the concomitant presence of Co and Al as well with PLM (particles with a high refractive
index that appear red with Chelsea filter) in Boat near the cliff (sample 26) and French lady
(sample 20). Very dark blue in Countryside in France (sample 5) was probably made by
mixing ultramarine with carbon black. It is worth noting that no Prussian blue (hydrated
iron hexacyanoferrate) was found in the investigated blue mixtures, despite its discovery
in the earlier study [7]. Prussian blue is known for its high tinting strength, which may
be easy for artists to handle. It also produces dark greenish-blue shades that Liu Kang
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probably did not find suitable for painting sky or water. He might also be aware of the
Prussian blue’s tendency to fade or change in colour over time [23,24].

In almost all examined blue paint samples, except those from Landscape in Switzerland
and Boat near the cliff, a high concentration of Pb seems to point to the consistent use of lead
white (lead carbonate) for achieving lighter tints. Meanwhile, the presence of Ba, S, and
Zn elements could be related to lithopone (a mixture of barium sulfate and zinc sulfide)
and/or zinc white (zinc oxide) and barium white (barium sulfate), a common extender for
lead white [25] as well as for viridian [26].

3.1.2. Green

The acquired PLM and SEM-EDS data revealed that viridian was Liu Kang’s consistent
choice for green. However, it is very often present in combination with other pigments. For
instance, positive identification of emerald green was possible in sample 18 from Autumn
colours with SEM-EDS detection of Cu and As elements and with FTIR by absorption bands
at 1555, 1451, 816, 762, 690, and 635 cm−1 (Appendix A, Figure 1) [27]. However, based only
on the concomitant presence of Cu and As, elements in other green paint mixtures, emerald
green (copper acetoarsenite), and/or Scheele’s green (copper arsenite) were considered.

According to Bourgeois Ainé and Lefranc’s catalogues of oil paints, Vert Veronese
(emerald green), vert de Scheele (Scheele’s green), and its variant, vert minérale, were available
during that time in Paris (Appendix A, Figures 3 and 4). Emerald green was also offered
by W&N (Appendix A, Figure 2). Although it is known that some grades of emerald green
were commercially adulterated with chromium pigments [28,29], MA-XRF distribution
maps of Cr and Cu elements from Landscape in Switzerland showed only a partial co-location
of Cu and Cr in the green areas (Figure 4). Hence, it could be said that the Cu–As-based
green was not modified by the manufacturer but deliberately mixed with viridian where it
suited the artist.

The analyses of the light and warm green hues of the investigated paintings confirmed
a consistent use of chrome yellow (lead chromate) as an admixture of viridian. This
can be exemplified by sample 3 from Village scene (Figure 5a). In this sample, besides
viridian, chrome yellow was detected with PLM by anisotropic, rod-shaped particles with
a high refractive index. The SEM-EDS analyses of the green and yellow clusters of not
properly mixed paint indicated a varied intensity of Pb-, Ca-, and Cr-peaks contributing to
viridian and chrome yellow, probably extended with chalk (calcium carbonate) or calcium
chromate [30]. The presence of viridian in the examined paint is in agreement with the
purple imaging of the sampling area (Figure 5b,c).

The co-location of Cr- and Cd-signals recorded with MA-XRF of Landscape in Switzer-
land (Figure 4) suggested an addition of cadmium yellow (cadmium sulfide) to viridian.
This observation was corroborated with red UV fluorescence of the yellow particles [11],
SEM-EDS detection of strong Cd- and S-signals, and PLM observation of sample 21 from
Landscape in Switzerland (yellow, anisotropic particles with a high refractive index turn
green in crossed polarised filters) (Figure 6). However, the presence of S, Ba, and Zn in the
investigated mixture may suggest that, instead of pure cadmium yellow with lithopone
and/or zinc and barium whites, zinc-modified light cadmium yellow or cadmopone (co-
precipitated cadmium sulfide and barium sulfate) was used [31]. A high concentration of
Pb in most of the examined light-green samples may suggest concurrent admixtures of
chrome yellow and/or lead white to viridian. A combination of viridian and lead white to
obtain a light-green tone was detected in Breakfast (sample 4). Meanwhile, strong Zn-signals
recorded in the light-green brushstrokes of Landscape in Switzerland (sample 20) and Boat
near the cliff (sample 11) suggest an admixture of lithopone and/or barium white and
zinc white.

122



Heritage 2021, 4

Figure 4. Visible light image and MA-XRF maps of Landscape in Switzerland, showing the distribution of the major elements.
The greyscale corresponds to the intensity of the signal of each element: white equals high intensity, black means low
intensity. The colour maps combine distribution of Cu- and Cr-based pigments and Fe- and Sn-based pigments.
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Figure 5. SEM-EDS spectra of: (a) green and yellow areas in sample 3 extracted from Village scene
and inset microscopy image of the cross-section with marked areas of analyses; (d) dark-green paint
from sample 2 extracted from the same painting and inset microscopy image of the cross-section with
the marked area of analysis. The detail of the painting shows the sampling spots (b) and infrared
false-colour image of the same areas, revealing the distribution of viridian (purple) and the mixture
of Prussian blue with viridian and lead white (tints of violet) (c).
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Figure 6. Microscopy images of the cross-section of sample 21, extracted from Landscape in Switzerland, photographed in: (a)
VIS; (b) UV. The corresponding SEM-EDS spectra of the green paint are seen in (c). Red fluorescence of yellow particles and
a strong Cd-signal suggested the presence of cadmium yellow.

Based on the SEM-EDS and PLM analyses, dark green was very often achieved by
mixing viridian with Prussian blue in combination with lead white and/or chrome yellow.
This can be exemplified by sample 2 in Village scene (Figure 5d). The SEM-EDS analysis
of the dark-green paint revealed that it is rich in lead, chromium, and iron, which can
be assigned to lead white, viridian, and Prussian blue. The latter was observed with
PLM by dark-blue isotropic particles with a low refractive index that appear dark green
with a Chelsea filter. This pigment mixture is consistent with the IRFC imaging, as the
dark-violet colour is determined by the purple representation of viridian, combined with a
dark-blue representation of Prussian blue (Figure 5b,c). A similar pigment mixture was
identified with PLM and SEM-EDS in dark-green paint from Countryside in France (sample
11). However, FTIR did not depict any peaks attributable to viridian due to overlapping
bands of other compounds; the most intensive peaks of this pigment fell in the range of
500–400 cm−1, behind the spectral range of the measurement. Although the artist did not
employ Prussian blue in the blue painted areas, he preferred it for his hue modification of
the green colours. Interestingly, in French lady (sample 15), in addition to Prussian blue, a
cobalt blue was added to the green paint to produce the desired hue.

The green colour, obtained by mixing blue and yellow, was found in Landscape in
Switzerland (sample 20). The green sampling area appears blue in the IRFC, suggesting the
presence of Prussian blue. The SEM-EDS detection of Pb, Cr, and Fe elements, combined
with PLM and FTIR analyses, confirmed chrome yellow by absorption peaks at 1061, 967,
826, and 626 cm−1 and Prussian blue by absorption peak at 2086 cm−1. The paint mixture
also contains yellow iron oxide observed with PLM (anisotropic yellow particles with a
high refractive index). However, its FTIR confirmation was inconclusive due to overlapping
bands of chrome yellow. Moreover, there is a possibility that the artist used a commercial
chrome green composed of Prussian blue and chrome yellow [26,32]. Such composite paint
was available from Bourgeois Ainé in three different hues and from Lefranc in five hues
under the name of vert anglais (Appendix A, Figures 3 and 4). It was also listed by W&N

125



Heritage 2021, 4

as chrome green, available in three hues, and as cinnabar green, available in five hues
(Appendix A, Figure 2).

3.1.3. Yellow

The analyses of the samples of yellow paints revealed the use of four different yellow
pigments, but it is evident that chrome yellow was a prevailing pigment. It was identified
as a principal component of sample 9 from Countryside in France and sample 8 from Village
scene. It appears as an ingredient found together with yellow iron oxide in Autumn colours
(sample 3) and Breakfast (sample 3). Nevertheless, it is difficult to ascertain if chrome
yellow and iron oxide were deliberately mixed by the artist on the palette or commercially
prepared. It is known that the ochres were tinted during the manufacturing process with
the addition of chrome yellow [30,33], which also has its own extenders, such as barium
white, gypsum, kaolin, and calcium chromate [30].

Analyses of the yellow paint mixture from Landscape in Switzerland (sample 23) al-
lowed features consistent with cadmium yellow or its variants—light cadmium yellow or
cadmopone—to be detected. As visualised by the MA-XRF Cd-distribution map, a usage
of this pigment for painting yellow areas was very limited; however, it occurs extensively
as an admixture in light-green passages (Figure 4).

The SEM-EDS detection of Co and K in the samples of yellow paint from Landscape in
Switzerland (samples 23, 36) allowed their attribution to cobalt yellow (potassium cobaltini-
trite), later confirmed with PLM by observation of isotropic, yellow, and dendritic particles
with a high refractive index (Figure 7). The use of cobalt yellow by Liu Kang seems to
be unusual as the pigment is known for its undesirable low hiding power in oil medium.
Therefore, its main application was usually a watercolour technique [34,35]. Cobalt yellow
was available from Bourgeois Ainé and Lefranc only as a dry pigment and in watercolour
and gouache paints. However, it appears in W&N catalogues of oil paints (Appendix A,
Figure 2).

Figure 7. Cobalt yellow particles from sample 23, extracted from Landscape in Switzerland, pho-
tographed in plane-polarised light.

3.1.4. Brown

Brown passages were painted using predominantly brown and yellow iron oxides.
Lighter tints were produced with a small addition of lead white and/or Cr-containing
yellow(s). Darker-brown brushstrokes in Boat near the cliff (sample 14) contain Ca and P
elements that can be assigned to bone black admixture, confirmed with PLM (anisotropic

126



Heritage 2021, 4

black and grey particles). In addition, the co-location of Fe and Mn recorded with SEM-EDS
suggests the presence of umber. The SEM-EDS and PLM of the dark-brown colour from
the armrest of the chair in Breakfast (sample 10) suggested a mixture of red iron oxide with
Prussian blue and organic red pigment (unique low refractive index). FTIR completed
this outcome by detecting of some absorption bands indicative of organic red at 1656,
1623, 1545, 1451, and 1270 cm−1. However, more peaks typical for organic red fall in the
range from 1200 to 1000 cm−1 and were interfered by the presence of red iron oxide. In
addition, the paint mixture contains a good deal of starch grains with an extinction cross,
which were visible in cross-polarised light (Figure 8a–d). However, FTIR measurements
detected only one peak at 3270 cm−1 that is related to starch, while further identification
was hampered by the intensive peak of red iron oxide at 1005 cm−1 and overlapping
characteristic bands of starch at 1014 and 995 cm−1. Starch was frequently added to the
organic reds during the manufacturing process to improve its handling properties and to
obtain a lighter tint [36,37]. The PLM and FTIR analyses of the paint sample correlate with
the occurrence of Sn, detected with SEM-EDS, suggesting the presence of a tin-containing
substrate for the organic red, which was usually cochineal lake or brazilwood lake pigment
(Figure 8e) [38,39]. A composition containing alizarin crimson and brazilwood on starch
and tin substrates was reported in the earlier study of Liu Kang’s painting [8]. Lefranc
listed a tin-containing organic red laque anglaise composed of carmin and oxyde d’etain (tin
oxide); it was one of the most expensive, priced at 22 francs for a No. 6 tube and 9.50
francs for tube No. 2, whereas blanc d’argent (lead white) was at 3.75 francs for a tube
No. 6. (Appendix A, Figure 4). Laque anglaise from Bourgeois Ainé had a comparable price
(Appendix A, Figure 3).

3.1.5. Red

The analytical results showed that Liu Kang employed three types of organic red
pigments in most of the examined paintings. They were used as primary reds or in
combination with other pigments added to modify hue. An Sn-containing organic red on
starch substrate was confirmed with SEM-EDS, PLM, and FTIR in Village scene (sample
9) and Landscape in Switzerland (sample 35, layer 1) and resembled the aforementioned
mixture from Breakfast (sample 10).

The FTIR of sample 9 from the Village scene showed low intensity peaks at 1562 and
1545 cm−1, which are indicative of organic red; however, an in-depth molecular charac-
terisation was not possible due to overlapping signals of other compounds present in the
investigated sample. A similar issue concerns the identification of starch. Although starch
was well observed with PLM, only two FTIR peaks, at 3280 and 1649 cm−1, were consid-
ered conclusive. Additionally, detection of Fe and co-location of Pb-, Cr-, and Ca-signals,
suggested that an organic red was used in a combination with red iron oxide (absorption
peaks at 1026, 1007, 935, 911, 798, 777, and 753 cm−1), chrome yellow (absorption peaks at
1031, 844, 834, and 624 cm−1), chalk (absorption peaks at 1410, 870, and 712 cm−1), and
probably lead white (1410 and 677 cm−1) (Figure 9).

The sample 35 from Landscape in Switzerland contains two distinguishable layers. Based
on the PLM, SEM-EDS, and FTIR, the top red is composed mainly of red iron oxide with an
admixture of Sn-containing organic red, detected by absorption peaks at 1620, 1563, 1555,
1529, 1471, 1290, 1265, 1246, and 588 cm−1, and chalk. This top layer was applied over
dry paint predominantly consisting of the organic red, detected by peaks at 1621, 1562,
1552, 1531, 1310, 1265, 1247, and 604 cm−1. In addition, a presence of starch was confirmed
with PLM observation and FTIR by absorption peaks at 3294, 1639, 1370, 1341, 1247, 1204,
1150, 1077, 1016, 931, 861, 759, and 704 cm−1, while Sn-based substrate was confirmed
with the SEM-EDS. Moreover, the analysed paint contains some admixtures of lead white
and probably Cr-containing yellow(s) (Figure 10). The MA-XRF map of Sn distribution
in Landscape in Switzerland shows that some passages were initially painted with a heavy
use of Sn-containing organic red (Figure 4) and finally covered with different colours as
visualised on the cross-section of sample 25 (Figure 11).
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Figure 8. Microscopy images of the cross-section of sample 10, extracted from Breakfast, photographed in: (a) VIS; (b) UV.
Circular, blue-fluorescing particles of the starch substrate are visible in layer 4 and marked with arrows (b). The PLM
pigment dispersion from layer 4 is photographed in: (c) plane-polarised light; (d) cross-polarised light. The clumps of starch
particles are marked with arrows. The corresponding SEM-EDS spectra of the red paint from layer 4 (e) shows a strong
Sn-signal, suggesting the presence of tin substrate.
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Figure 9. Microscopy image of the cross-section of sample 9 extracted from Village scene, photographed in VIS and UV,
followed by SEM-EDS maps showing the distribution of the detected elements. The greyscale corresponds to the intensity of
the signal of each element: white equals high intensity, black means low intensity. A high intensity of Sn can be assigned to
the tin substrate of organic red while the co-location of Ca-, Cr-, and Pb-signals in the centre of layer 2 suggests the presence
of chrome yellow.

Another organic red was detected in Boat near the cliff (sample 29). PLM allowed
the observation of red particles with a low refractive index, which is characteristic of
organic reds. An intense orange fluorescence in UV light (Figure 12b) suggests natural
madder [38]; however, the SEM-EDS detection of bromine, based on Br Lα1 and Br Kα1
signals (Figure 12c), indicates that the red may be a compound related to eosin red—
commercially known as geranium lake—which is also characterised by the orange UV
fluorescence [40–42]. A comparison of the FTIR spectra of the investigated red with the
reference sample of eosin Y revealed some degree of matching. Typical FTIR features
consistent with the organic red were identified by absorption bands at 3335, 1561, 1455,
1345, 1221, 1174, 981, 877, 802, 766, 717, 667, and 634 cm−1. However, the overlapping
bands at 1455, 1174, 981, 802, 717, and 634 are also attributable to lithopone and/or barium
white, oil, and acrylic resin, the latter of which is considered to be a varnish and applied
during the conservation treatments in 2006 (Figure 13) [43]. Other elements present in
the sample, such as Pb, Ba, Al, and S, were difficult to interpret. They can be assigned to
lead white admixture and barium white extender. However, it is known that eosin was
used to produce lake pigments (such as geranium lake), usually precipitated on an Al-
or Pb-containing substrate [32,44–47]. Thus, Ba and S could be assigned to barium white,
which is a common extender of lake pigments. Nevertheless, a presence of lithopone is
suggested based on the FTIR detection of characteristic peaks at 1174, 1116, 1077, 981, 634,
and 607 cm−1.
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Figure 10. Microscopy image of the cross-section of sample 35 extracted from Landscape in Switzerland, photographed in
VIS and UV, followed by SEM-EDS maps showing the distribution of the detected elements. The greyscale corresponds to
the intensity of the signal of each element: white equals high intensity, black means low intensity. The high intensity of Sn
in layer 1 can be assigned to the tin substrate of organic red, which is probably mixed with chrome yellow based on the
co-location of Cr- and Pb-signals. Layer 2 reveals strong Fe- and weak Sn-signals, suggesting a mixture of iron oxide with
organic red with tin substrate.

Figure 11. (a) Detail of Landscape in Switzerland, showing the sampling spot; (b) microscopy image of the cross-section of
sample 25 with the marked area of SEM-EDS elemental analyses; (c) corresponding SEM-EDS spectra of the analysed area
from layer 1, indicating a strong Sn-signal from the tin substrate of organic red.
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Figure 12. Microscopy image of the cross-section of sample 29 extracted from Boat near the cliff photographed in: (a) VIS; (b)
UV. SEM-EDS spectra of the sample and inset backscattered electron (BSE) image with marked area of analyses (c). The
spectra shows Br peaks which could be indicative of geranium lake, as well as Pb, Ba, Al, and S, which can be assigned to
lead white and barium white extender and/or Pb- or Al-based substrate.

Lefranc marketed the laque geranium (geranium lake) with information that it is aniline-
based pigment (Appendix A, Figure 4), although recent research identified eosin in its
sample from 1926 [48]. Bourgeois Ainé listed laque géranium and rouge géranium (geranium
red) without a chemical description, while geranium lake from W&N was derived from coal
tar, according to their catalogue (Appendix A, Figures 2 and 3). Although the investigated
red paint from Boat near the cliff exhibits features intrinsic to geranium lake, more analyses
are needed to better elucidate its composition.

The organic red was also observed with PLM in the sample extracted from Countryside
in France (sample 7). The sample does not fluoresce in UV, and the SEM-EDS detection of
Al might be indicative of Al-containing substrate for the organic red detected with FTIR by
peaks at 1617, 1576, 1559, 1506, 1499, 1447, 1417, 1397, 1343, 1303, 1276, and 1256 cm−1 [49].
However, the insufficient suit of FTIR peaks or low intensity of peaks did not allow a
conclusive attribution.

In Autumn colours (sample 7) and French lady (sample 9), red paints are composed
mainly of red iron oxide, modified with minor admixtures.

3.1.6. White

UVR photography is a powerful tool for a preliminary differentiation of lead white
painted areas from zinc white and titanium white (titanium dioxide). Thus, lead white was
observed in almost all paintings, based on its unique ability to reflect UV (Figure 14a,b).
Additional SEM-EDS analyses showed that lead white occurs with a calcium carbonate,
which was probably added by the manufacturer as an extender. It is worth noting that the
examined white from the Countryside in France (sample 29) is a ground layer intentionally
exposed by the artist during the painting process. It is composed predominantly of lead
white with admixtures of barium, zinc, and titanium whites [9], suggesting it is of a dif-
ferent grade from the lead white identified in the artist’s white paints [28]. Likewise, the
white ground skilfully exposed by the artist in Boat near the cliff for describing foamy water
is composed of mixture of lead and zinc whites [9]. White brushstrokes that turn dark
grey and black in the UVR of Landscape in Switzerland and Boat near the cliff suggested a
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use of UV-absorbent titanium white or zinc white (Figure 14c,d). The latter was confirmed
by the yellow-green UV fluorescence and SEM-EDS measurements of the white paint
cross-sections from both paintings. Additionally, the MA-XRF of Landscape in Switzerland
visualised a strong Zn-signal, which correlates with the white painted areas, while the
Pb distribution map suggests chrome yellow and admixtures of lead white (Figure 4).
The SEM-EDS detection of Ba and S in the sample 22 of Landscape in Switzerland suggests
a common admixture of lithopone and/or barium white [50]. A minor and trace pres-
ence of Ti identified only in the colour mixtures may suggest a commercial admixture of
titanium white.

Figure 13. ATR-FTIR spectra of red paint from sample 29, taken from the Boat near the cliff, with
labelled marker peaks of organic red and spectra of reference samples, identifying oil, eosin Y, acrylic
resin, and lithopone.
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Figure 14. VIS and corresponding UVR detail images of (a,b) Countryside in France; (c,d) Boat near the cliff. The UVR images
indicate that white house in Countryside in France and foamed water in Boat near the cliff (marked with red arrows) show a
strong UV reflectance attributable to lead white. White brushstrokes on the boat and clouds in Boat near the cliff appear dark
grey and black in UVR (marked with yellow arrows), suggesting a use of UV absorbent zinc white, later confirmed with
SEM-EDS.

3.1.7. Black

The IRFC photography determined that the black paints were very often mixtures of
black with other pigments. The SEM-EDS and PLM analyses revealed that bone black is
prevalent only in black brushstrokes of Autumn colours (sample 9). The intense black found
in other paintings resulted entirely from mixing carbon blacks with ultramarine, Prussian
blue, cobalt blue, and viridian. In Village scene (sample 13, 14) and Landscape in Switzerland
(sample 18), it is evident that the role of the black pigment is taken by ultramarine.

3.2. Binding Media and Other Identified Compounds

The FTIR spectra from all the examined paint samples depicted characteristic bands at
around 2925, 2850, 1730, 1460, 1160, and 720 cm−1, confirming a consistent use of drying oil.
Furthermore, the presence of zinc soap was confirmed by an absorption peak at 1539 cm−1

in Countryside in France (sample 7) and Landscape in Switzerland (sample 20), while lead soap
was found in French lady (sample 16) by an absorption peak at 1514 cm−1. The formation
of metal soaps can be explained by the probable reaction of free fatty acids from the oil
binder with metals present in the lead- and zinc-containing pigments [51,52]. The detection
of the acrylic resin in three of the investigated samples may correspond to the varnish
applied during the conservation treatments [43,53,54].

3.3. Painting Process

It is noteworthy that the VIS and NIR photography of the paintings did not detect
the presence of the preparatory underdrawings. However, Liu Kang probably studied the
subject matter by small-scale sketching prior to painting the composition on the canvas.
For instance, a watercolour sketch of Breakfast from the Liu collection reveals an early idea
of the composition for the canvas painting Breakfast, which was executed in the same year
(Figure 15). Technical evidence from the Countryside in France, Village scene, Breakfast, and
Self-portrait indicated that the artist approached the canvas with a clear concept of the
general composition, which was established with rough brushstrokes usually of a black
paint (Figure 1b,d,g and Figure 2e).
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Figure 15. (a) Liu Kang, Breakfast, 1932, watercolour, 23 × 29 cm. Liu Kang Family Collection. Image courtesy of Liu family.
(b) Liu Kang, Breakfast, 1932, oil on canvas, 46 × 54 cm.

The next step of the painting process involved a gradual colouring in of the outlines
of the forms, providing the base for further work, as seen in Countryside in France and
Landscape (Figures 1b and 2b). This method, known as ébauche (coloured sketch), was a
common practice among Impressionists [55]. Analyses of the brushstrokes revealed that
the middle-ground buildings of Countryside in France and the foreground house and a tree
of Landscape were painted first. Then, the artist continued building the colouristic structure
around these main subjects. The sky in Countryside in France was probably sketched at the
end, after the background greenery was completed. Both sketches were conducted in local,
vivid colours. A minimal suggestion of light effects observed in the sky of Countryside
in France was achieved by the increased transparency of the colour, allowing the white
ground to show through. The rapid development of the composition during the initial
painting phase was facilitated by a few factors observed in Countryside in France. The small
size of the painting support (number 10) reduced the time required to cover the surface
with colours. The use of the absorbent or semi-absorbent ground with the ability to draw
the oil from the paint accelerated the drying of the paint layer [9,56]. A thin application of
colours mixed with lead white promoted the rapid drying of the paint layer. The presence
of the signatures and dates indicates that the artist envisaged the coloured sketches as a
completed exercise.

The further painting process can be observed in My landlady, Madame Normand
(Figure 2f). Here, the artist intensified the colours of the main subject and built-up details
with thicker paint. The advanced light effects were achieved by the increased opacity of
different tints of white paint. Although the green background is sketchy and transparent,
the artist’s signature and date on the painting indicate that he considered the artwork as
completed.

Liu Kang’s variety of methods of handling the paint show constant self-development.
In Autumn colours, his application of the paint using a small brush in short, vigorous, and
descriptive paint touches reflects his attention to detail (Figures 1a and 16a). A daring
adoption of parallel brushstrokes in St Gingolph, Lac Leman, Switzerland is reminiscent of
van Gogh’s style (Figures 2a and 16b). The structure of the paint layer with attractive
touches is achieved by contrasting juxtaposition of greens with reds and yellows with
blues. However, another painting, Landscape in Switzerland, shows some modification to
this painting method. While the background depicting lake, mountains, and sky was
conducted with directional touches, the foreground buildings and fields are depicted by
coloured patches (Figures 1c and 16c,d).
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Figure 16. Details showing different types of brushwork in: (a) Autumn colours; (b) St Gingolph, Lac Leman, Switzerland; and
(c,d) upper and bottom parts of Landscape in Switzerland.

The analyses of the paint structure of Landscape in Switzerland revealed the hardened
brushwork beneath the upper layers, suggesting that the painting, including the signature
and date, was executed in a wet-on-dry technique, as illustrated by the microscopic images
(Figures 10 and 11b). Hence, two distinct painting sessions can be identified, where the
second session, according to the artist’s date and signature, could have been in 1930, at
least six months after Liu Kang’s trip to Switzerland. A combination of wet-on-wet and
wet-on-dry paint applications was detected in other examined paintings, suggesting that
the artist did not attempt to complete the work at one sitting and sometimes worked further
on the composition after the initial painting was dry. This tendency could be a result of Liu
Kang working on several paintings during one session as documented in the photograph
from 1929 taken in Saint-Gingolph, Switzerland. Interestingly, one of the paintings seen
in the photograph appears to be unfinished; hence, it can be hypothesised that the artist
tended to apply finishing touches later (Figure 17).

Figure 17. Archival photograph of Liu Kang during a painting session in Saint-Gingolph, Switzerland, in 1929: (a) Detail of
the photograph showing a painting, probably unfinished; (b) Liu Kang Family Collection. Images courtesy of Liu family.
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A good example of a painting executed rapidly in a single sitting is Village scene. In this
artwork, there are significantly few details while the general artistic expression is achieved
by directional and highly textured brushwork combined with solid colours (Figures 1d, 5b
and 18c,d). Meanwhile, Boat near the cliff is characterised by a synthesis of colours and forms
achieved by the broad and flat application of the paint (Figure 1f). Although the painting
appears to be spontaneously and rapidly executed, the analyses proved a wet-on-dry execution,
suggesting that later modifications were conducted over previous partially hardened touches.

Figure 18. Details showing the incorporation of the colour of ground in the painting process in: (a) Boat near the cliff ; (b) Still
life with books, Paris; and (c) Village scene. Initial compositional lines are exposed in: (c,d) Village scene.

During the painting process, Liu Kang experimented with incorporating the white colour
of the ground layer with other paint colours reflecting inspiration from Modernists’ tech-
niques [9,57]. A good example is Countryside in France, in which the colour of the exposed
ground was utilised for depicting the main building (Figure 14a). In contrast, the ground in
Landscape remains exposed between the patches of applied paint, giving the artist a chance to
make adjustments of colour and form (Figure 2b). In Boat near the cliff, the ground was used
as a highlight and colour in its own right to describe foamy water (Figure 18a). However,
Still life with books, Paris, and Village scene exhibit a new experiment with a white ground. Liu
Kang enhanced the brilliance of the painted scenes by exposing bright accents of the white
ground through the spaces between directional brushstrokes (Figures 5b and 18b,c). This
painting method seems to support the notion that the artist sometimes skipped the colour
sketching and confidently applied the colours after establishing the general composition with
dark outlines. Moreover, to moderate the monotony of a methodical brushwork, the artist
creatively produced effects of the broken flow of the paint, by dragging a loaded brush across
the textured ground layer (Figures 5b and 18a–c) [9].

An interesting example of the artist’s inventive way of utilising the colour and texture
of the painting support is Self-portrait (Figure 19). As it was executed on the reverse side of
an earlier composition, the brownish canvas made it particularly well suited for providing
colouristic unity among the mixed yellows and browns. Moreover, the colour and texture
of an un-primed canvas were skilfully exposed to give an impression of the back side of a
depicted painting.
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Figure 19. Detail of Self-portrait, showing the incorporation of the colour and texture of the painting
support in depicting the reverse side of the painting in his artwork. The inset detail shows the
structure of the canvas.

Another feature common in the examined paintings is the presence of a strong contour.
The lines accompany the painting process from the sketching until the final stage, and
they play a crucial role in the aesthetic of the paintings giving greater definition to the
forms of the subjects. In Village scene, some of the initial compositional lines describing
the highest distant hilltops as well as the shapes of the houses are still visible through the
paint layer (Figure 18c,d). In the final stage, the artist usually reinforced the outlines of
the subjects with a dark paint composed mainly of bone black with ultramarine and/or
Prussian blue, as identified in Village scene (sample 13, 14), Landscape in Switzerland (sample
18), and Breakfast (sample 14).

3.4. Reusing Earlier Paintings

The evidence collected from five examined paintings revealed that Liu Kang had a
practice of reusing earlier, unwanted compositions or utilising their reverse sides. For
example, a visual inspection of the painted edges of the St Gingolph, Lac Leman, Switzerland
revealed the presence of colours to be unrelated to the final image. The raking light and
RTI examination of Autumn colours pointed out the surface brushstrokes that skip over
the more complex texture of the underlying paint scheme. Subsequent transmitted NIR
photography conducted with a camera facing the back of the painting revealed a presence
of a still life composition that had been created in the vertical orientation. Further XRR
analysis confirmed that the underlying painting depicts plants in flowerpots (Figure 20).

A visual examination of Breakfast provided some indications of another composition
underneath. For instance, a different paint scheme was observed in the areas that were not
completely covered by the current painting. Moreover, the final paint layer is characterised
by several dark paint strokes that do not correspond to the present composition. They
are visible on the green table top and red background, probably due to decreasing hiding
power of thinly applied upper paint layer (Figure 21) [58]. This feature is similar to the
reported case study of Seafood by Liu Kang, in which his hidden self-portrait was discovered
beneath [8]. The NIR photography of Breakfast rotated 180◦ revealed a view that could be
interpreted as a riverbank with trees.

Besides the aforementioned examples of paintings over discarded compositions, Liu
Kang also utilised the reverse sides of earlier paintings. Self-portrait and Portrait of a man
with his pipe, Paris are examples of artworks created directly on un-primed canvases. The
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artist’s practice of reusing unsatisfactory compositions or utilising their reverse sides could
have been motivated by a temporary shortage of materials or by financial constraints.

Figure 20. Images of Autumn colours rotated at 90◦ anticlockwise and photographed in: (a) VIS; (b) RTI; and (c) transmitted
NIR executed with camera facing the back of the painting, then cropped to remove the strainer bars, inverted horizontally,
and reproduced with the same relative scale; (d) XRR. The images revealed paint features of hidden still life painting with
plants in the flowerpots.

Figure 21. VIS (a) and NIR (b) images of Breakfast rotated at 180◦. NIR reveals the hidden view of a
riverbank with trees.

4. Conclusions

The study of Liu Kang’s paintings from the Paris phase provides information about
the artist’s choice of pigments and advances our knowledge of his working practice.
Selecting artworks from both the NGS and Liu family collections enabled the tracking of
the development of the artist’s painting technique during the said period. In addition, the
artist’s family archives provided insights into his painting process. The imaging techniques,
such as IRFC and UVR, played a crucial role in the tentative identification of pigments and
guiding sampling of the material for further detailed analyses. RTI, XRR, and NIR provided
valuable information about artist’s painting process by visualising the hidden compositions
underlying Autumn colours and Breakfast. The MA-XRF scanning of Landscape in Switzerland
highlighted the distribution of elements that are indicative of certain pigments and their
role in the evolution of the painting. Additional PLM, SEM-EDS, and FTIR analyses led
to the identification of the paint mixtures. The contemporary colourmen catalogues are a
precious resource that supplemented the interpretation of certain materials found in the
course of paints’ analyses.

The interpretation of the collected data unveiled a restricted palette of colours and
the preferential use of ultramarine, viridian, chrome yellow, iron oxides, organic reds,
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lead white, and bone black. These major pigments were accompanied with the artist’s
admixtures. For instance, cobalt blue was hardly used and was recorded in some blue,
green, and black paint mixtures. Prussian blue was used as a tint for green and black
colours. Emerald green had a similar role as an admixture of greens. Additions of cadmium
yellow and cobalt yellow are interesting as they were found exclusively in Landscape in
Switzerland. PLM, SEM-EDS, and FTIR were particularly effective with the detection of
three types of organic reds. One could be an organic red on tin and starch substrates. The
second is probably a compound related to eosin red on Al- or Pb-containing substrate—
known as a geranium lake. The third is probably an organic red on an Al-containing
substrate. However, more analyses are needed to better characterise the organic red
pigments. Although lead white is a predominant white pigment, its role seems to have
been reduced in favour of the lithopone and/or barium white and zinc white in Landscape
in Switzerland and Boat near the cliff. Artist also liked to incorporate the white of the ground
into the final effect. Carbon black was added to other colours to modify their shade.
However, deep blacks usually appear in bold outlines and were achieved by mixing carbon
black with ultramarine, Prussian blue, cobalt blue, and viridian.

FTIR analyses additionally confirmed the presence of an oil binder in all investigated
paintings from the NGS collection. Moreover, the identification of formation of metal soaps
and geranium lake pigment will have some relevance for future conservation diagnostics.
This is because metal soaps may contribute to the deterioration process of the paint layers,
while geranium lake has a strong fading tendency [59,60].

Studies of the artist’s technique revealed that he adopted coloured sketching; however,
he was also able to skip this stage and effectively create compositions with rapid and
decisive brushstrokes. It can be speculated that he had conducted small-scale composi-
tional studies in different techniques prior to painting on the canvas. The subsequent
progression of painting process can be characterised by constant and generally successful
experimentation with brushwork. Ultimately, Liu Kang’s paintings from the Paris phase
are defined by continual exploration and learning of different Modernist painting styles.
This very mature artistic approach benefitted him upon his return to China, when he felt a
strong need to develop his own painting style.
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Figure 1. ATR-FTIR spectra of green paint from sample 18, taken from Autumn colours, with labelled marker peaks of
emerald green and spectra of a reference sample of emerald green.
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Abstract: Jazz, the illustrated book by Henri Matisse, is a testament to the vitality of the artist in
the last decade of his career. The book consists of twenty illustrations reproduced in 370 copies
using a stencil-based printing technique and the same Linel gouaches the artist had used for the
original maquettes. This study reports on the comprehensive analysis carried out to identify the
pigments in the gouaches used in Jazz by transmitted and reflectance infrared, Raman, SERS, and
X-ray fluorescence spectroscopies, and describes the lightfastness of these gouaches as evaluated
by microfaedometry. This study also highlights the necessity of a multi-analytical approach for
comprehensive identification of artist materials and investigates the suitability of portable and non-
invasive techniques. The results were consistent across the three copies investigated: a portfolio in
the collection of the Museum of Modern Art in New York and two books in the collection of the
Musée National d’Art Moderne in Paris. In total, 39 distinct colors were characterized, with the
magenta, pinks, and blues being the most fugitive.

Keywords: Henri Matisse; cut-outs; gouache; Pigment identification; light sensitivity; Raman spec-
troscopy; X-ray fluorescence spectroscopy (XRF); Fourier transform infrared spectroscopy (FTIR);
microfaedometry (MFT)

1. Introduction

Jazz, the artist book illustrated by Henri Matisse and published by Tériade in 1947,
is considered a defining moment in the life of the artist, when his papiers découpés, or
paper cut-outs, took a life of their own as a new medium in his practice. Matisse’s first
cut-outs were maquettes for the cover of Christian Zervos’ Cahiers d’Art nos. 3–5 in 1936
and for the first cover of Tériade’s rival publication Verve in 1937 [1]. Encouraged to
create a livre d’artiste in a similar style by Tériade [2], Matisse composed a series of twenty
maquettes between August 1943 and March 1944, with “ . . . figures in vivid and violent
tones, resulting from crystallizations of memories of the circus, popular tales or travel” [3].
In 1947, after several trials and sustained insistence from Tériade, the maquettes were
ultimately reproduced and printed by Edmond Vairel and Draeger Frères, Paris. As
stated in the last page of the Jazz book, the plates were reproduced using a stencil method
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also known as pochoir [4], and using the same Linel gouaches Matisse had used for the
maquettes. While he approved of the production technique and proofed all plates, Matisse
initially disliked the final appearance of Jazz, lamenting to a friend “ . . . It is absolutely
a failure” [5]. Nevertheless, the process itself influenced his future work, where the cut-
outs became an end to themselves rather than preliminary models for future work. The
maquettes are now part of the collection at the Musée National d’Art Moderne in Paris
(MNAM), and a total of 250 books, 100 portfolios, and 20 non-circulated copies are in
collections and repositories all over the world [6]. The fifth plate in Jazz is reproduced in
Figure 1 to illustrate the vitality of the work.

 

Figure 1. Henri Matisse Horse, Rider and Clown, from Jazz 1947. One from a portfolio of twenty
pochoirs (42.3 × 65.5 cm). Published by Tériade, Paris and printed by Edmond Vairel, Paris, Draeger
Frères, Paris. Edition of 100. MoMA object number: 291.1948.5. Copyright © 2021 Succession H.
Matisse/Artists Rights Society (ARS), New York. All reproductions of this work are excluded from
the CC: BY License.

A full understanding of the materials used in the reproduction of Jazz is important
and long overdue because of its significance and reach. It is vital that institutions continue
taking the necessary precautions when exhibiting and storing Jazz to ensure the integrity
and vibrancy of its colors.

While systematic studies on the composition of commercial paints used by artists
abound: Bocour [7], HKS, W&N, and Maimeri [8], Talens [8,9], and Ripolin [10] to only cite a
few, no such studies appear to have been carried out for commercial gouaches. Information
in the literature on the Linel gouaches used by Matisse, for instance, is essentially limited
to light sensitivity, and no studies were found in the literature concerning the Sennelier
gouaches which he also used in his early cut-outs [11]. Matisse was aware of the fading of
some of these colors, in particular, the organic-based violets and pinks [12]. Fading of the
blues, on the other hand, has been established visually and by spectrophotometry in Blue
Nude I and The Swimming Pool [11,13], while the colors in Acanthes appear to be relatively
stable based on microfadeometry [14]. The same technique established that of the colors
present in The Snail, the green, orange, white, and magenta are light-sensitive [15]. A set
of cut-out scraps from Matisse’s studio, donated to MoMA by the artist’s family in 2013,
was also recently tested and showed a range of light sensitivities between fugitive and
stable [16]. Until now, and to the best of the authors’ knowledge, neither chemical nor
light stability analyses have been extended to the gouaches used in the printing of Jazz.
Therefore, any information on the composition and stability of these gouaches is expected
to be of interest to the institutions and collectors holding a copy of Jazz.
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This article reports on a comprehensive analysis of the colors used in three reproduc-
tions: a portfolio in the collection of the Museum of Modern Art in New York (MoMA) and
two books in the Musée National d’Art Moderne de Paris (MNAM), one in the collection
and the other one in the study collection. The objective of the study was twofold: on
the one hand to gain knowledge on the nature of the pigments present in the gouaches
and their light sensitivity, and on the other hand, to support the assertion that all the
copies of Jazz were made with the same gouaches. This is also part of a larger study that
aims at comparing the materials used in the original cut-out maquettes made in 1943–44
and the pochoirs made in 1947, and also compare these materials with the wider set of
cut-out scraps donated to the museum. The identification of the pigments relied on a multi-
analytical approach using non-invasive techniques including portable X-ray fluorescence
(p-XRF), reflectance spectroscopy (RS), reflectance Fourier transform infrared spectroscopy
(r-FTIR), portable Raman spectroscopy (p-Raman), and microfadeometry (MFT) and was
complemented with analysis of micro-samples by Fourier transform infrared spectroscopy
(μ-FTIR) spectroscopy, confocal Raman spectroscopy, and surface-enhanced Raman (SERS)
spectroscopy. Principal component analysis (PCA) was used as a data exploratory method
to identify gouaches with similar p-XRF, RS, and r-FTIR spectral signatures and help
establish the number of gouaches used by Vairel to reproduce Jazz.

2. Methodology and Analytical Techniques

The books and portfolios contain twenty prints designated here by P1 to P20 in the
same sequence they appear in the book. The analyses were performed on a Jazz portfolio
in the MoMA collection and two Jazz books in the MNAM collection. A preliminary exam-
ination of the MoMA portfolio under an optical microscope (Figure 2) showed minimal
overlap between colors but some cross-contamination by paint splatters at the boundary
between different color fields, likely caused by the use of a brush to apply the paints [4].
Analysis and sampling were therefore carried out at least 2 cm away from these boundaries
whenever possible. Some of the letters and elements in prints P2, P17, and P19, however,
were painted over the colored background. This was taken into account when interpreting
the data and was confirmed for the three copies of Jazz examined.

   

Figure 2. Details of Jazz plates examined under the optical microscope (×10 magnification) showing
minimal overlap between color fields and some cross-contamination of gouache particles.

The first phase of the study focused on determining the total number of gouaches used
to reproduce the MoMA portfolio using non-invasive techniques. For each of the twenty
prints, p-XRF analysis and RS were carried on two to three distinct spots for each color
and paper support leading to a total of 228 p-XRF spectra and 396 reflectance spectra. The
analysis established that for every color in a print, the composition of the two or three spots
analyzed was the same. Based on that conclusion, the number of spots for r-FTIR analysis
was reduced to one spot per color for each print (142 spectra). Principal component analysis
(PCA) was then used as a data exploratory method to identify gouaches with the same
p-XRF, RS, and r-FTIR spectral signatures and help establish the number of gouaches used
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by Vairel to reproduce the MoMA Jazz copy. MFT was also carried out on representative
spots for each color to evaluate their sensitivity to light exposure. In the second phase of the
project, p-XRF, RS, and r-FTIR analyses were carried out on one of the MNAM copies (one
spot for each color) to confirm that the same gouaches had been used as in the MoMA copy.

Pigment identification proved challenging for some of the colors using non-invasive
analysis exclusively. Further analysis using p-Raman clarified a few of the unknowns
but ultimately sampling and analyses by μ-FTIR, Raman, and SERS were carried out
on micro-samples taken from the Jazz book in the MNAM study collection to provide a
more comprehensive overview of the gouache palette and confirm or complement the
non-invasive analysis. A representative micro-sample was taken using a tungsten needle
for each of the 39 colors identified by non-invasive analysis and whenever possible from the
edge of the plate (the plates that were sampled are indicated in Table S1 in the Supplemental
Information document SI).

2.1. Infrared Spectroscopies (μ-FTIR and r-FTIR)

Micro-FTIR (μ-FTIR) analysis was carried out in transmission mode using a Nicolet
iS50-FTIR coupled with a Thermo Nicolet Continuum infrared microscope equipped with
an MCT detector. Spectra were collected in the 4000–600 cm−1 range with a 4 cm−1

resolution and 128 scans and using the Thermo Scientific OMNIC 9.0 software package.
Reflectance FTIR (r-FTIR) was carried out using a portable Bruker ALPHA spectrom-

eter equipped with an external reflection module and a DTGS detector. Spectra were
collected in the 7000–400 cm−1 range and a 4 cm−1 resolution over 128 scans. Measure-
ments were made in non-contact mode over a spot size of approximately 4 mm in diameter
and a 1 to 1.5 cm distance from the object (the focal distance from the surface was adjusted
using the instrument’s built-in camera). The background was periodically acquired using a
built-in flat gold mirror. The spectra were converted to pseudo-absorbance.

Spectra were examined using the Spectral Search and Multicomponent Search tools
available in the Thermo Scientific OMNIC Specta 2.0 software, as well as the IRUG FTIR
spectral database [17]. Both original and Kramers–Kronig (KK) transformed r-FTIR spectra
were evaluated.

2.2. Raman Spectroscopies (Confocal Raman, p-Raman, SERS)

Confocal Raman spectra (Raman) were collected using a Renishaw In-via Raman sys-
tem equipped with a 785 nm diode laser at powers between 0.3 to 3 mW, a 1200 lines/mm
grating, and a Leica confocal microscope with a 100x objective. Final spectra represent an
average of five acquisitions of 10 s. AgNPs for SERS were synthesized using the Lee-Meisel
method [18] and measurements were obtained before and after using acid pretreatments
for hydrolyzing colorants into the colloidal solution [19] (see supplementary information
(SI) for a complete description). SERS spectra were collected using a 532 nm diode laser
at powers between 0.5 to 2.5 mW, 1800 lines/mm grating, and a Leica confocal micro-
scope with a ×100 objective. Final spectra represent an average of five acquisitions of
10 s. Portable Raman (p-Raman) spectra were acquired using a Bruker BRAVO Handheld
Raman spectrometer equipped with 785 nm and 853 nm diode lasers (DuoLASERTM), a
resolution of 10–12 cm−1 and 400 ms exposure time over 30 acquisitions. The output laser
is ≈ 50 mW and spot size diameter 1 mm) measurements were carried in non-contact mode
at 1–2 mm to prevent thermal degradation or damage to the object. All Raman spectra
were evaluated using Omnic Specta.

Reagents for surface-enhanced Raman (SERS) spectroscopy: silver nitrate (AgNO3)
(99.9999% trace metals basis) and sodium citrate (≥99%, FG) were used for silver nanopar-
ticle (AgNPs) synthesis. Potassium nitrate (KNO3) (BioXtra, ≥99.5%) was used for AgNP
aggregation. Nitric acid (HNO3) (ACS Reagent, 70%) and hydrofluoric acids (HF) (ACS
Reagent 48%) were used for colorant hydrolysis into AgNP colloid. All materials were
purchased from Millipore-Sigma.
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2.3. Reflectance Spectrophotometry (RS)

Reflectance spectra were taken using the X-rite eXact spectrophotometer in the range
of 400–700 nm with a 10 nm resolution and a 4 mm diameter spot size. The purpose of
these measurements was to identify colors with the same signature spectra across multiple
plates and not for pigment identification. It was thus deemed acceptable to perform the
measurement through a clear mylar (PET) film (3.8 microns) to avoid direct contact with
the surface (preliminary test indicated a 90% reduction in the reflectance).

2.4. X-ray Fluorescence (p-XRF)

Portable X-ray fluorescence (p-XRF) analysis was performed at MoMA with a Bruker
Tracer III-SDD handheld XRF instrument with an Rh excitation source and silicon drift
detector (5 mm diameter approximate spot size) under He purge. The instrument was
operated at 40 kV and 3 μA, and spectra were acquired for 120 s. An Elio spectrometer
(XGLab) equipped with an Rh target and 1 mm beam size was used for the analysis at
MNAM. An integrated CCD camera and two laser pointers allowed precise focus on the
region of interest. All analyses were performed in atmospheric conditions, with no He
purge, at 40 kV and 100 μA, with a collection time of 200 s. All the spectra were examined
with the Bruker Artax 7.2 software.

2.5. Microfadeometry (MFT)

Illumination was achieved with an Oriel Instruments LIK-LMP Light Intensity Con-
troller Kit equipped with a Si Detector Head and Xe-arc lamp controlled by a Spectra-
Physics power supply coupled to a thermo-Oriel Digital Flux controller. Spectra were
registered using a Control Development spectrometer in the range of 380–900 nm. Light
contact to the object’s surface was achieved using a 100 μm diameter bifurcated fiber
optic, which ensures a narrow beam radius and high light intensity. Microfading was
performed on three distinct spots for each color (in the same plate and color field) for a
duration of 15 minutes. ISO Blue Wool (BW) 1, 2, and 3 were used as internal standards
for comparison [20]. The average ΔE76 curves were obtained using the Spectral Viewer
software developed at the Getty Conservation Institute [21]. A BW equivalent scale (BWeq)
was established by fitting a power function to the ΔE values at t = 15 min for BW 1, 2, and
3 [22,23]. A BWeq value was then calculated for each color by interpolation of that curve
for the ΔE values at t = 15 min for each color. the value obtained is rounded to the nearest
category: BWeq < 2 is highly light-sensitive; BWeq = 2, 2.5, and 3 are light-sensitive, and
BWeq > 3 is moderately light-sensitive to stable. It is important to note the limitation of
MFT for elucidating lightfastness beyond BWeq = 3 [24].

2.6. PCA Analysis

Principal component analysis (PCA) was used as an exploratory data analysis method
to group colors with very similar p-XRF, RS, and r-FTIR spectral signatures and in this
way help determine the number of paints used to reproduce Jazz. PCA was carried
out separately on the p-XRF, RS, and r-FTIR spectra using the SOLO-MIA (Eigenvector)
software package. Preprocessing of the spectra included Poisson scaling (for the p-XRF
spectra in the 1–15 KeV range), first derivative (for RS), and SNV (for r-FTIR), followed by
mean centering.

3. Results and Discussion

3.1. Pigment Identification

Jazz was printed on Velin d’ARCHES paper as specified on the last page of the Jazz
books. Analysis of the paper support with r-FTIR and p-Raman only produced bands
related to cellulose. No additives or coatings were detected with the techniques in use.
Analysis with p-XRF detected small amounts of Al, Si, P, S, K, Ca, Fe, and Zn. This small
mineral contribution from the paper support was taken into account when evaluating the
p-XRF results obtained for the gouaches. The r-FTIR, p-Raman, and p-XRF spectra obtained
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for the paper support of the twenty MoMA plates and the twenty MNAM pages were very
similar, confirming that the same paper was used for both reproductions.

PCA was used as an exploratory method to distinguish gouaches of a similar color
but potentially different composition by comparing their p-XRF, RS, and r-FTIR spectra.
The contribution of the paper support was the same for all the spots analyzed and thus
had no impact on the PCA analysis. The example provided in Figure 3 illustrates how PCA
was used to distinguish three groups of yellow gouaches based on their p-XRF spectra. The
scores and loading plots (Figure 3a,b respectively) extracted by PCA differentiate gouaches
richer in either calcium sulfate (Ca, S) or barium sulfate (Ba, S, Sr) from gouaches containing
neither extender. The same procedure was repeated to examine the data obtained with
r-FTIR and with RS. Ultimately, seven different yellow gouaches were distinguished based
on the similarities between their XRF, r-FTIR, and RS spectral signatures. The same analysis
was carried out on the rest of the colors, leading to the final conclusion that 39 different
gouaches had been used to reproduce Jazz.

S 
Ca 

Ba 

(b) (a) 

Figure 3. Results of PCA analysis carried out on the p-XRF spectra taken on 23 yellow spots across the 20 MoMA Jazz plates.
The scores plot (a) distinguishes three different types of yellows. The loading plot (b) indicates that the distinction is based
on the presence or not of CaSO4 or BaSO4 extenders.

This information was used to guide further non-invasive analysis by p-Raman and
MFT for each color. It was also used to guide sampling for complementary analysis by
μ-FTIR, Raman, and SERS. Table 1 summarizes the pigments identified in each gouache.
Tables S1 and S2 in the SI provide a more detailed account of the results obtained for each
gouache with the different analytical methods and the prints where each of these gouaches
was used. p-XRF, IR, and Raman spectra obtained for the black gouaches are provided in
Figure 4 (also included in the Supplementary Materials as Figure S1 in the Supplementary
Materials), Figure 5 (Figure S2), and Figure 6 (Figure S3) to illustrate the findings. The
spectra for the other colors are provided in the Supplementary Materials (Figures S1–S31).
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Table 1. Pigments and auxiliary compounds detected and identified across three copies of Jazz using a multi-analytical
approach (PR49:2: Calcium Lithol Red; PG7: Phthalocyanine green, PY3: Hansa Yellow 10G; PY5: Hansa Yellow 5G; PY6:
Hansa Yellow 3G; PY10: Hansa Yellow R; PR3: Toluidine Red; PR4: Permanent Red R) * not analyzed.

Color Pigment(s) Identified MFT Color Pigment(s) Identified MFT

Black 1 (Bk1)  
Bone black/carbon black

Prussian blue
Silicates and metal oxides

>3 Green 3 (G3)  
PG7

Synthetic ultramarine
Barium sulfate

2.5

Black 2 (Bk2)  
Bone black/carbon black

Prussian blue
Silicates and metal oxides

>3 Yellow 1 (Y1)  PY5 >3

Violet (V)  

Crystal violet/methyl violet
Rhodamine 6G

Copper ferrocyanide
Barium sulfate

3 Yellow 2 (Y2)  
PY5

PY10 >3

Magenta (M)  

Rhodamine 6G
Rhodamine 3B

Copper ferrocyanide
Phototungstic (acid)

Barium sulfate

2.5 Yellow 3 (Y3)  
PY5
PY6

Bariumsulfate/zinc white/
lithopone

3

Pink 1 (Pk1)  

Crystal violet/methyl violet
Rhodamine 6G

Copper ferrocyanide
Barium sulfate

2.5 Yellow 4 (Y4)  
PY3
PY6

Barium sulfate
3

Pink 2 (Pk2)  PR49:2 2 Yellow 5 (Y5)  
PY3

PY10
Lead chromate
Calcium sulfate

>3

Blue 1 (B1)  Synthetic ultramarine 2 Yellow 6 (Y6)  
PY3

Gypsum
Barium sulfate

>3

Blue 2 (B2)  
Synthetic ultramarine

Titanium white
Calcium carbonate

Zinc white

3 Yellow 7 (Y7)  
PY5
PY3

Barium sulfate
>3

Blue 3 (B3)  
Synthetic ultramarine

Zinc white/
Barium sulfate/lithopone

3 Orange 1 (O1)  
PY5
PR4 2.5

Blue 4 (B4)  Synthetic ultramarine 2 Orange 2 (O2)  
PY5

PY10
Lead chromate
Calcium sulfate

3

Blue 5 (B5)  Synthetic ultramarine 2 Orange 3 (O3)  
PY5

PY10 3

Green 1 (G1)  
PG7
PY3

Barium sulfate
Aluminum Hydrate

2 Orange 4 (O4)  
Iron oxide (yellow ochre)

Lithopone
Calcium carbonate

>3

Green 2 (G2)  
PG7
PY3

Barium sulfate
>3 Orange 5 (O5)  Iron oxide (yellow ochre) 2.5

Orange 6 (O6)  

PR4
PY5

Iron oxide (Mars red)
Iron oxide (ochre)
Calcium sulfate
Lead chromate

2 Tan 2 (T2)  Iron oxide *

Red 1 (R1)  
PR3

PR49:2
Vermilion

Barium sulfate
2.5 White 1 (W1)  

Barium sulfate/zinc white/
lithopone ≈3

Red 2 (R2)  
PR3

PR49:2
Lead chromate
Barium sulfate

>3 White 2 (W2)  
Zinc white

Barium sulfate/lithopone *

157



Heritage 2021, 4

Table 1. Cont.

Color Pigment(s) Identified MFT Color Pigment(s) Identified MFT

Red 3 (R3)  PR49:2 >3 Gray 1 (Gy1)  

Zinc white
Barium sulfate/zinc

white/
lithopone

Prussian blue

2.5

Red 4 (R4)  
PR3

PR49:2 3 Gray 2 (Gy2)  

Titanium white (anatase)
Calcium carbonate
Ultramarine blue

Prussian blue
Barium sulfate/zinc

white/
lithopone

2.5

Brown (Br)  
Iron oxide (Sienna/Mars red)

Lead chromate
Calcium sulfate

>3 Gray 3 (Gy3)  
Titanium white (anatase)
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Figure 4. p-XRF spectra for the black gouaches—(red) Bk1 and (gray) paper support for plate P1 and
(green) Bk2 for plate P8. Elements present in both gouaches: Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, and Zn
(small amounts of Al, Si, S, Ca, Fe, and Zn are also present in the paper).

158



Heritage 2021, 4

Figure 5. (Non-KK transformed) r- and μ-FTIR spectra of Black 1 (Bk1) and Black 2 (Bk2) alongside
IRUG [17] reference spectra for cellulose, (†) Bone black (875, 962, 1038, 1087 and 2013 cm−1) and
(*) Prussian blue (2094 cm−1); (‡) silicates/aluminosilicates were also observed (1001, 794 cm−1).

 

Figure 6. Confocal and p-Raman spectra of Black 1 (Bk1) and Black 2 (Bk2) alongside reference
spectrum for Bone black [17,25] (D and G broad bands (‡) at 1367 and 1590 cm−1—shifted to
1320 cm−1 in p-Raman). (†) Quartz (468 cm−1) and silicates (272 cm−1) [17,26] were also observed
(355 cm−1 unassigned *).

3.1.1. Medium, Extenders, Additives, or Impurities

Traditionally, gouache paints are prepared with a gum rabic binder, white fillers for
opacity, and organic or inorganic pigments [27]. A detailed medium analysis was beyond
the scope of this work, but gum, though generally difficult to distinguish from cellulose
was detected in several samples by μ-FTIR (Figure 7) by the presence of the characteristic
O-H bending band at 1650–1620 cm−1 [28]. The analyses also revealed the presence of a
variety of white inorganic compounds in the gouaches acting as extenders, lake substrates,
and other potential additives. All are easily detected by p-XRF (key elements indicated
in Table S1) and in most cases confirmed by infrared and Raman spectroscopies. Barium
sulfate (BaSO4) was the most prevalent extender and was identified by XRF (Ba, S, Sr) [29],
FTIR [30], and Raman [31] spectroscopies. Calcium carbonate (CaCO3) was identified
by FTIR [32] and Raman [31] as well. Calcium sulfate was present in the gypsum form
(CaSO4·2H2O) based on the presence of sulfate vibration bands and OH stretching and
deformation bands in the IR [33] and Raman [31] spectra. Alumina hydrate was identified
by μ-FTIR through hydroxyl deformation vibration bands [34]. In the magenta, violet, and
red gouaches, and in the yellow and orange gouaches containing PY5, a significant amount
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of aluminum was detected by XRF, but the source could not be identified. A small but
varying amount of zinc was detected in all the gouaches by XRF, possibly as an additive or
contamination.

Figure 7. μ-FTIR spectrum obtained for the violet gouache (V) alongside IRUG [17] reference spectra
for barium sulfate, cellulose, and gum rabic (gray region) the characteristic O-H bending mode at
1650–1620 cm−1 [17,28].

3.1.2. Black Gouaches

Two distinct black gouaches were identified. Both contained a mixture of bone/carbon
black, Prussian blue, and silicates with lesser amounts of metal oxides, including possibly
iron oxides. The relative concentrations of these pigments were however different: the
more predominant Black 1 (Bk1) was slightly richer in Prussian blue and silicates; Black
2 (Bk2), found only in three prints, was richer in bone/carbon black. This pigment is an
impure black carbon pigment prepared from charring animal bones containing mainly
calcium hydroxyapatite (Ca10(PO4)6(OH)2) and small amounts of magnesium phosphate
(Mg3(PO4)2) and calcium carbonate (CaCO3) [27], which is why it could be detected by
the presence of P and Ca in the p-XRF spectra (Figure 4), especially in Bk2 where it was
more concentrated. Bone black in Bk2 was also confirmed by FTIR through a characteristic
band at 2013 cm−1 assigned to degradation products of the pigment synthesis [35]. The
characteristic main phosphate band (ν3 at 1036 cm−1) associated with the hydroxyapatite
overlaps with the cellulose and silicate bands in the μ-FTIR and (non-KK transformed)
r-FTIR spectra [36] and neither 962 nor 875 cm−1 ν2 bands were detected (Figure 5). The
presence of the characteristic D and G broad bands in the Raman spectra [25] confirmed
the presence of carbon black, either as a constituent of bone black and/or as a pigment
(Figure 6). The additional phosphate band at 960 cm−1 in the Raman spectrum is generally
weak [37] and was not observed.

Prussian blue is a synthetically produced ferric ferrocyanide blue pigment
(KFe[Fe(CN)6]) [38]. Fe and K were detected by p-XRF (these elements can also indi-
cate the presence of natural iron oxides). Further confirmation was provided by r- and
μ-FTIR with the characteristic CN asymmetric stretch [30]. The pigment was not observed
in either Raman modalities, although it is detectable [31]. The p-XRF spectra also suggested
the presence of silicates (Al, Si, K) and metal oxides (Ti, Cr, and possibly Fe). The presence
of silicates and aluminosilicates was confirmed by μ- and r-FTIR [33], although several
bands overlapped with bone black and cellulose. Confocal Raman spectroscopy confirmed
the presence of quartz and silicates [26].

3.1.3. Violet Gouache

The violet gouache (V) was only used in pochoir P20. SERS (Figure S4) identified
Rhodamine 6G (R6G) [39] and methyl violet and/or crystal violet (MV/CV) [40]. The weak
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Cu and Fe peaks in p-XRF (Figure S5) suggested the presence of copper ferrocyanide (CF),
also confirmed by the characteristic CN asymmetric stretch in the μ- and r-FTIR spectra.
CF could be the precipitating anion for either R6G (PR169) or for MV (PV27) [41].

3.1.4. Magenta Gouache

The composition of the magenta gouache (M) was the same across nine prints. Refer-
ence to this gouache appears in published correspondence between Matisse, Tériade, and
Gaut, the then director of the Linel company [42]. The source pigment for this gouache
was manufactured in Germany and became unavailable after WWII. In the letter, Matisse
mentions the importance of a “Violet Fixe” and the large quantity needed to reproduce a
large work, indubitably Jazz. SERS spectra indicated the presence of R6G, and confocal
Raman also indicated the presence of Rhodamine 3B (R3B) [43] (Figure S6). The p-XRF
analysis suggested that these two pigments are precipitated with CF—also confirmed by
r-FTIR—and possibly phospho-tungsto-molybdic acid (PTM) since P and W were also
detected (Figure S7). The presence of these constituents could be related to the presence of
PV2, an R3B-PTM pigment, and PR169, an R6G-CF pigment [41].

3.1.5. Pink Gouaches

Two distinct pink gouaches were identified: R6G and CV/MV by SERS in Pink 1 (Pk1),
while the presence of CF was detected by p-XRF (Figure S8) though not confirmed by FTIR.
The second pink gouache (Pk2) used in P20 is slightly darker and warmer in tone and
contained Calcium Lithol Red (PR49:2) as identified by Raman and SERS (Figure S9) [44].
The p-XRF spectra showed significant peaks for Ca and S as expected, the latter relating to
the sulfonated group of the beta-naphthol [41].

3.1.6. Blue Gouaches

A total of five distinct blue gouaches were identified and all included synthetic
ultramarine blue. Blue 1 (B1) was the most prominent blue and contained no additional
pigments or fillers while Blue 2 (B2), used in P19 and similar to B1 in tonality, also contained
titanium white (TiO2), zinc white (ZnO), and calcium carbonate. The intermediate Blue 3
(B3) used in P6 contained zinc white. Both light Blue 4 (B4), used in P12, and Blue 5 (B5),
used in P15, had a light gray-blue tone but no additional pigment was detected aside from
ultramarine blue. Ultramarine blue (3Na2O.3Al2O3.6SiO2.2Na2S) was detected in all the
blues by p-XRF (Figure S10) through the presence of Al, Si, and S (K and Ca were also
present in small quantities) [45]. In μ-FTIR and r-FTIR spectra (with no KK transformation),
the characteristic Si-O and Al-O stretch as well as the Si-O main bending mode were readily
observed (Figure S11) [30,45]. The pigment was also detected with confocal and p-Raman
spectroscopy through the Raman modes of the sulfur radical anions S3

− and S2
− acting

as chromophores (Figure S12) [45]. Those bands were weak but still discernible for the
light B4 and B5 blues. Titanium white in B2 was detected by p-XRF (Ti), more specifically
anatase as confirmed by confocal and p-Raman [46]. Zinc white was detected by p-XRF
but could not be confirmed by Raman or infrared spectroscopy, though detectable by the
latter [47].

3.1.7. Green Gouaches

Three distinct green gouaches were used in Jazz, a darker (G1), a lighter (G2) yellow-
green, and a teal green (G3) that appears streakier. G1 and the lighter G2 both contained
Hansa Yellow 10G (PY3), a yellow pigment with a greenish tint, and phthalocyanine green
(PG7). The two are often found combined in yellow-greens [48]. PG7 was observed in
confocal and p-Raman [49] (Figure S13) and detected by p-XRF through the presence of Cl
and Cu peaks (Figure S14), though not confirmed by FTIR [17,50]. Conversely, PY3 was
more readily observed by μ- and (non-KK transformed) r-FTIR [17] (Figure S15) than by
Raman [49] spectroscopies, emphasizing the advantage and necessity of complementary
techniques. The green gouache was applied on top of the gray background in P17 and P19,
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and both p-Raman and r-FTIR detected a signal from underlying pigments. G3 contains
PG7 and ultramarine blue. Both pigments were confirmed by p-XRF and Raman. Some of
the PG7 bands were weakly detected by μ-FTIR.

3.1.8. Yellow Gouaches

A total of seven different yellows (Y1 to Y7) were identified across twelve prints, with
tonalities varying from light green-yellow to dark orange-yellow. Several prints present
both a lighter and a darker yellow. All the pigments were identified as Arylid Hansa
yellows, by themselves or combined: green-yellows PY3 and PY5 (Hansa Yellow 5G);
red-yellows PY6 (Hansa Yellow 3G) and PY10 (Hansa Yellow R). It is notable that PY5 and
PY10 are no longer in production [41]. All were easily identified by μ-FTIR and by r-FTIR
when sufficiently abundant (Figures S16 and S17) [17], and/or confocal and p-Raman
(Figures S18 and S19) [49]. Cl is a constituent present in most of these monoazo yellows
and was detected by p-XRF (Figure S20). A small amount of lead chromate was seen in Y5
as confirmed by p-XRF (Cr, Pb) and μ-Raman (Figure S21) [31].

3.1.9. Orange Gouaches

Overall analysis revealed the use of six different orange (O1 to O6) gouaches that
contained one or more organic and/or inorganic pigments: PY5, PY10, Permanent Red R
(PR4), iron oxides, and lead chromate. O1 is a bright orange that contained PY5 and PR4
both confirmed by FTIR [17] and Raman [51] analysis. The light Orange 2 and Orange 3
have similar tonalities, and both contained PY5 and PY10 as confirmed by FTIR and Raman
analysis. O2, however, also contained a small amount of lead chromate and a significant
amount of gypsum. The composition of O3 was the same as Y2, but the ratio of the PY10
(reddish yellow) to PY5 (greenish-yellow) was reversed based on the intensity of their
respective bands in the Raman spectra. Orange 4 and Orange 5 contained ochre, a natural
iron oxide pigment rich in kaolinite [52], as confirmed by p-XRF (Al, Si, K, Fe) (Figure S22),
r- and μ-FTIR [34], and confocal Raman [31] (Figure S23a). Orange 6 had a more complex
composition and contained PY5, PR4 detected by FTIR and Raman analysis of the samples
(Figures S24–S26), possibly a small amount of lead chromate based on the p-XRF analysis,
Mars Red [31] (Figure S23b) and a second iron oxide pigment (214, 252, 304, 402, 463, and
560 cm−1), the latter two detected by confocal Raman.

3.1.10. Red Gouaches

The FTIR (Figures S27 and S28) and Raman analysis suggested that four different
reds (R1 to R4) were used. R1, R2, and R4 contained mainly Toluidine Red (PR3) [17,50]
and PR49:2—also found in Pk2. The p-XRF detected the presence of small amounts of
lead chromate (Pb, Cr) in R2, while vermilion (HgS) was detected in R1 (Figure S29), as
confirmed by Raman (Figure S28) [30]. PR49:2 was the only pigment detected in the less
orange-hued R3.

3.1.11. Brown Gouache

The brown gouache (Br) was only used in two prints, P2 and P20. The main pigment
was a natural iron oxide with a high content of aluminosilicates (possibly Sienna) and was
confirmed by the hematite bands in r-FTIR [33] and ochre bands in Raman [31]. The p-XRF
analysis also detected a small amount of lead chromate aside from the iron oxides.

3.1.12. An Gouaches

Darker (T1) and lighter (T2) tan gouaches were used in print P10 and P11, respectively.
Based on the p-XRF analysis, both gouaches contained a small amount of a natural iron
oxide pigment rich in aluminosilicates.

162



Heritage 2021, 4

3.1.13. White Gouaches

The white areas in the prints were generally the paper background left in reserve
except in prints P12 and P17 where white gouaches were used. Both gouaches appeared
to have the same composition based on the p-XRF analysis (S, Zn, Sr, Ba) although White
2 (W2) in P17 was much richer in Zn (Figure S30). The presence of these elements can
indicate the presence or combination of barium sulfate (BaSO4), zinc white (ZnO), and
lithopone (30%:70% ZnS:BaSO4) [27]. Further distinction was not possible using Raman or
infrared spectroscopies as neither zinc white nor zinc sulfide in lithopone [53] are easily
detected. The Zn to Ba peak ratio in the p-XRF spectrum for White 1 (W1) however was
characteristic of lithopone [54] while W2 had a much higher content of Zn, suggesting that
it contained zinc white and barium sulfate or lithopone.

3.1.14. Gray Gouaches

Three different grays (Gy1 to Gy3) were distinguished. Gy1, used only in print P18,
contained possibly zinc white and barium sulfate (based on the high Zn to Ba ratio detected
by p-XRF—Figure S31) and/or lithopone, and a small amount of Prussian blue (confirmed
by a very weak CN band in r-FTIR). Gy2, on the other hand, was mainly composed
of titanium white in anatase form according to Raman analysis, and calcium carbonate
confirmed by Raman and FTIR (and a small amount of zinc white and barium sulfate or
lithopone). The gray tonality was due to the presence of ultramarine blue and Prussian
blue in (Figure S23c), both confirmed by p-XRF and by Raman [31]. Gy3 was present
in P9 and was similar to Gy2 in tonality and composition except for the presence of the
zinc-based pigment.

3.2. Color and Color Stability

Microfaedometry indicated that no color is alarmingly light-sensitive, or in any case
more sensitive than the paper support (Figure 8). It is important to note that although the
tonality of two colors might be similar, like for example Blue 1 and 2, their light sensitivity
can be different as a result of their different composition. This highlights the importance
of confirming the composition of all the gouaches across this work and other cut-outs
by Matisse.

Figure 8. The light sensitivity of all colors represented in Jazz on a range from BW1 (most sensitive)
to BW3 (moderate sensitivity).
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The most sensitive colors appeared to be Blue 1, 4, and 5, Pink 2, and Orange 1.
The light blue and pink colors in this group are more transparent. Consequently, the
microfaedometry testing also reflects the light sensitivity of the paper support. Fading
of Matisse’s blue gouaches was reported in the past [11] for The Swimming Pool (1952)
and linked to the acidic environment created by the burlap support [45]. Despite being a
lightfast pigment [53], studies have shown that fading of this pigment can be promoted
by the paint medium [55]. It appears, however, that the presence of white pigments and
fillers in B2 and B3 increases the lightfastness of the gouaches. Orange 6 and the slightly
less light-sensitive Orange 1 are the only gouaches that contain PR4, and their sensitivity
was unexpectedly high considering the good lightfastness reported for PR4 in the literature
(though they are reported to darken overexposure) [41]. Conversely, the sensitivity of
Green 1 and to a lesser extent of Green 3, both richer in PG7 than the more light-stable
Green 2, was also unexpected [41]. In contrast, although aniline (CV/MV) and xanthene
dyes (rhodamines) have reputedly poor lightfastness [41,56], neither the magenta nor the
violet gouaches were exceedingly light-sensitive.

The results of the microfaedometry testing led to new recommendations for the
exhibition of the Jazz plates at MoMA. The prints have been grouped based on their
vulnerability to color change and prioritized for upcoming displays depending on their
exhibition history. Prints P14, P15, P16, and P20 are considered the most susceptible to
fading as they contain at least two of the most vulnerable colors (BWeq = 2), while prints
P6, P7, P10, P11, and P18 are slightly more stable but still contain three or more moderately
sensitive colors (BWeq = 2.5).

4. Conclusions

The identification of the pigments present in the gouaches used by Henri Matisse was
important to understand the current condition of the Jazz prints and support preventive
conservation strategies. Based on the analysis carried out at MoMA and at the MNAM, a
total of 39 distinct colored gouaches were used to reproduce the Jazz prints. Some of the
colors, though similar in tonality, have a different composition which has implications for
their light stability and display recommendations. The composition of the gouaches was
consistent across the three copies of Jazz investigated and it is reasonable to assume that
this applies to the rest of the existing copies since they were printed at the same time [6].

This study also illustrates the value and limitations and challenges of using a non-
invasive approach that combines p-XRF, r-FTIR, and p-Raman to characterize the Linel
gouaches used by Matisse in his cut-outs. More than twenty different pigments and
extenders were detected and characterized across the twenty Jazz plates. All the pigments
were identified using a non-invasive approach that combines p-XRF, r-FTIR, and p-Raman
analysis with the exception of the methyl violet and/or crystal violet (MV/CV) and the
Rhodamine 3B and 6G pigments that could only be identified by confocal Raman or SERS.
The organic pigments PR3, PR4, PR49:2, PY3, PY5, PY6, and PY10 were identified by
r-FTIR and p-Raman when present as major constituents, while PG7 was better identified
by Raman. p-XRF was particularly suited to detect the presence of mineral pigments,
especially when in low concentration, as it was the case of lead chromate and vermilion. It
also hinted at the presence of the triarylcarbonium pigments (R3B and R6G) precipitated
with complex ions (copper ferrocyanide or phosphotungstic acid). It was also helpful to
confirm the presence of inorganic pigments and extenders identified by r-FTIR and/or
p-Raman namely Prussian Blue, synthetic ultramarine, bone black, iron oxides, titanium
white, barium sulfate and/or lithopone, calcium sulfate, and carbonate. While most of
the colors were at least as light-stable as the paper background, adhering to lighting and
exhibition guidelines for sensitive works on paper is important to sustain the vibrancy of
the most sensitive colors and preserve the harmony and energy of the compositions so vital
to Matisse.

Matisse was known to have used gouaches straight out of the tube and unmixed
for his cut-outs [11], but the gouaches used in Jazz might have been made-to-order as
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Linel colorists worked closely with Matisse, Tériade, and Vairel to reproduce this large
number of prints. Some of the gouaches have very similar tonalities but slightly different
compositions, like the reds, some of the yellows and blues, as well as the blacks. This might
have been deliberate to produce slight nuances across the plates or stemmed from the need
to prepare multiple batches of gouaches. Although the gouaches identified in Jazz might
have a unique composition, the analytical findings should still be relevant for the study of
Matisse’s cut-outs, including for dating and authentication purposes.
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2 (G2), Figure S16: r- and μ-FTIR spectra of Yellow 5 (Y5), Figure S17: r- FTIR spectrum of Yellow 3
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spectra of Yellow 1 (Y1) and Yellow 2 (Y2), Figure S20: p-XRF spectra for the Yellow 1 (Y1), Yellow 4
(Y4) and Yellow 5 (Y5), Figure S21: Confocal Raman spectrum of Yellow 5 (Y5), Figure S22: p-XRF
spectra for the Orange 4 (O4) and Orange 5 (O5), Figure S23: (a) Confocal Raman spectrum of Orange
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(O6), Figure S26: Confocal Raman spectrum of Orange 6 (O6), Figure S27: r- and μ-FTIR spectra of
Red 4 (R4), Figure S28: Confocal Raman spectrum of Red 1 (R1), Figure S29: p-XRF spectra for the
Red 1 (R1) and Red 2 (R2), Figure S30: p-XRF spectra for White 1 (W1) and White 2 (W2), Figure
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45. Desnica, V.; Furić, K.; Schreiner, M. Notice “Multianalytical characterisation of a variety of ultramarine pigments”. E-Preserv. Sci.

2004, 1, 15–25.
46. Burgio, L.; Clark, R.J.H. Library of FT-Raman spectra of pigments, minerals, pigment media and varnishes, and supplement to

existing library of Raman spectra of pigments with visible excitation. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2001, 57,
1491–1521. [CrossRef]

47. Silva, C.E.; Silva, L.P.; Edwards, H.G.M.; de Oliveira, L.F.C. Diffuse reflection FTIR spectral database of dyes and pigments. Anal.
Bioanal. Chem. 2006, 386, 2183–2191. [CrossRef] [PubMed]

48. Lewis, P.A. (Ed.) Pigment Handbook, Volume 1: Properties and Economics, 2nd ed.; Wiley-Interscience: New York, NY, USA, 1988.
49. Scherrer, N.C.; Stefan, Z.; Francoise, D.; Annette, F.; Renate, K. Synthetic organic pigments of the 20th and 21st century relevant to

artist’s paints: Raman spectra reference collection. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2009, 73, 505–524. [CrossRef]
[PubMed]

50. Buti, D.; Rosi, F.; Brunetti, B.G.; Miliani, C. In-situ identification of copper-based green pigments on paintings and manuscripts by
reflection FTIR. Anal. Bioanal. Chem. 2013, 405, 2699–2711. [CrossRef] [PubMed]

51. Fremout, W.; Saverwyns, S.J. Identification of synthetic organic pigments: The role of a comprehensive digital Raman spectral
library. Raman Spectrosc. 2012, 43, 1536–1544. [CrossRef]

52. Helwig, K. Iron Ocide. In Artists’ Pigments: A Handbook of Their History and Characteristics; Berrie, B., Ed.; National Gallery of Art:
Washington, DC, USA, 2007; Volume 4.

53. Buxbaum, G.; Pfaff, G. (Eds.) Industrial Inorganic Pigments; John Wiley & Sons: Hoboken, NJ, USA, 2006.
54. Capua, R.J. The obscure history of a ubiquitous pigment: Phosphorescent lithopone and its appearance on drawings by John la

Farge. J. Am. Inst. Conserv. 2014, 53, 75–88. [CrossRef]
55. de la Rie, E.R.; Michelin, A.; Ngako, M.; Del Federico, E.; Del Grosso, C. Photo-catalytic degradation of binding media of

ultramarine blue containing paint layers: A new perspective on the phenomenon of “ultramarine disease” in paintings. Polym.
Degrad. Stab. 2017, 144, 43–52. [CrossRef]

56. de Keijzer, M.; van Bommel, M.R. Bright new colours: The history and analysis of fluorescein, eosin, erythrosine, Rhodamin B
and some of their derivatives. In The Diversity of Dyes in History and Archaeology; Atkinson, J.K., Ed.; Archetype Books: London,
UK, 2017.

167





heritage

Article

Reviving Alexander Calder’s Man-Eater with Pennants: A
Technical Examination of the Original Paint Palette

Abed Haddad *, Megan Randall, Lynda Zycherman and Ana Martins

Citation: Haddad, A.; Randall, M.;

Zycherman, L.; Martins, A. Reviving

Alexander Calder’s Man-Eater with

Pennants: A Technical Examination of

the Original Paint Palette. Heritage

2021, 4, 1920–1937. https://doi.org/

10.3390/heritage4030109

Academic Editor: Diego Tamburini

Received: 1 August 2021

Accepted: 16 August 2021

Published: 19 August 2021

Corrected: 1 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

The David Booth Conservation Department, The Museum of Modern Art, 11W 53rd Street,
New York, NY 10019, USA; megan_randall@moma.org (M.R.); lynda_zycherman@moma.org (L.Z.);
2021amartins@gmail.com (A.M.)
* Correspondence: abed_haddad@moma.org or abedhaddad123@gmail.com

Abstract: Man-Eater with Pennants, a rarely exhibited sculpture in Alexander Calder’s oeuvre, was
commissioned by The Museum of Modern Art (MoMA) and installed in 1945. To exhibit the large
standing mobile in Alexander Calder: Modern from the Start (2021), the derelict sculpture had to be
remediated; this initiated a collaborative investigation with conservation scientists, conservators,
curators, and the Calder Foundation into the original paint colors hidden beneath layers of repaint.
XRF analysis was carried out to elucidate the paints’ composition, followed by sampling for analysis
to assess the paint stratigraphy and binders. Scrapings were analyzed by μ-FTIR and Raman
spectroscopies; cross sections were examined with optical microscopy and analyzed with SEM-EDS.
Analysis differentiated between the original paints, which contain Prussian blue, parachlor red,
chrome yellow, and the many layers of overpaint, which contain titanium white, molybdate orange, a
variety of β-Naphthol reds, red lead, and ultramarine. A model for Man-Eater, Mobile with 14 Flags, is
also part of the museum’s collection, and was first considered as a point of reference for the original
colors. Similar analysis, however, indicates that the maquette was painted after the Man-Eater was
first installed, therefore is not representative of the original colors. In addition to investigating an
early primary palette for Calder’s outdoor sculptures, this study helped develop the plan for the
restoration of the original color scheme of Man-Eater.

Keywords: pigment identification; Raman spectroscopy; X-ray fluorescence spectroscopy; scanning
electron microscopy-energy dispersive spectroscopy; microstratigraphic analysis

1. Introduction

Alexander Calder (1898–1976), one of America’s best-known sculptors, is renowned
for developing two new idioms in modern art: mobiles, which hang from the ceiling
and whose shapes move in response to air currents, and stabiles, large scale, stationary
abstract sculpture, characterized by simple forms executed in sheet metal. Born into a
family of artists, Calder showed facility in handling metals from a young age [1]. Although
he trained as an engineer at the Stevens Institute of Technology in New Jersey and held
several engineering jobs after graduation, at the age of 25, he committed himself as an
artist, relocated to New York, and took art classes. In 1926, he moved to Paris where he
mingled with established artists and writers of the time, including figures such as Picasso,
Miró, Léger, and Duchamp. During a visit to Mondrian’s studio in 1930, Calder saw, tacked
to the wall, colored cardboard rectangles that Mondrian used to work out compositions [2].
Calder proposed that the rectangles could be made “to oscillate in different directions, and
at different amplitudes.” The visit proved to be the “shock that started things,” as he wrote
later [1].

In 1931, Calder began constructing compositions of metal wire and wood and made
them move via inherent kinetics, activating their motion with motors and other means [2],
and then later allowing free form movement with the wind. The moving sculptures were
dubbed “Mobiles” by artist and friend Marcel Duchamp. These sculptures of “detached
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bodies floating in space” embodied Calder’s fascination with the dynamism of the universe,
which he sought to describe through a bold palette of primary and secondary colors [2].
Calder also created abstract stationary constructions for which Jean Arp then coined the
term “Stabiles” to differentiate them from the moving sculptures.

Man-Eater with Pennants, abbreviated as Man-Eater in this paper, (Figure 1) was pro-
posed by Alfred Barr and commissioned by the Board of Trustees for The Abby Aldrich
Rockefeller Sculpture Garden in 1944. A maquette, Mobile with 14 Flags (Figure 2), was
shown to museum leadership for approval before the final work was fabricated. Man-Eater
was Calder’s largest mobile sculpture to date, towering more than 9 m with a wingspan of
more than 14 m. Seven painted metal pennants perch atop long vertical rods; heavy flat
black plates counterbalance them at the bottom. The wind- or human-propelled elements
bounce, sway, and rotate around a central post. The maquette is nearly identical in form to
the final expression of the massive Man-Eater with Pennants. Naturally, a full-scale sculpture
designed for outdoor installation must be structurally different from a table-top model. For
example, on the actual mobile, two of the uppermost polygonal shapes have oval-shaped
cutouts, whereas the maquette does not. The main horizontal crossbar on the mobile is
heavily reinforced to bear the weight of the vertical rods and the pennants, but on the
maquette, all the wires of the structure are the same delicate gauge. However, the shapes
and colors of the pennants are the same on both the maquette and the Man-Eater; they are
black, red, blue, and yellow. In addition, the upright post is a crucial grounding aspect
for the large-scale sculpture, whereas the moving parts of the maquette sit on a triangular
base, allowing table-top display.

 

Figure 1. Alexander Calder. Man-Eater with Pennants, 1945. Painted steel rods and sheet iron 14′

(425 cm) × approx. 30′ (915 cm) in diameter. Purchase. © 2021 Calder Foundation, New York/Artists
Rights Society (ARS), New York All reproductions of this work are excluded from the CC: BY License.
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Figure 2. Alexander Calder. Mobile with 14 Flags (maquette for Man-Eater with Pennants), 1945.
Painted steel 53′ ′ (134.6 cm) × approximately 50′ ′ (127 cm) diameter. Gift of the artist. © 2021 Calder
Foundation, New York/Artists Rights Society (ARS), New York All reproductions of this work are
excluded from the CC: BY License.

Man-Eater with Pennants was installed in MoMA’s garden from 1945–1949. From the
outset, the merits and deficiencies of the mobile were debated within the museum. The
curator Dorothy Miller expressed concern about the lack of movement due to the weight of
the structure and the absence of ball bearings [3]. Philip Goodwin, Head of the Department
of Architecture and Design, had deep reservations about the ironwork, which he called
“clumsy,” the “far from pleasing” colored forms, and the faulty engineering [4]. Of the
opposing opinion, Curator James Johnson Sweeney thought the Man-Eater was one of
Calder’s most successful ventures in this field [5]. In addition, fears about the public
injuring themselves on the mobile began right away; in the interest of public safety, a
small fence was set around it. Sweeney, a fan of the sculpture, strongly advocated for their
removal. “I would like to suggest in my last will and testament that the Calder mobile
should move. I would recommend that the chains be taken off the monster” [6]. After
four years on view, the mobile was taken off view, ostensibly because reconstruction of
the garden space was underway. Man-Eater traveled to outdoor venues in London and
Houston in the 1950s. After its last showing at MoMA from 1969–1970, it was housed in
storage, where it has been since.

As for the maquette, with its purpose fulfilled, it was put away in storage with other
Calder sculpture proposals. There it languished for ten years until a storage reorganization
and clean-up effort was undertaken in 1959. Internal records called it an extended loan
and it was returned to Calder at that time. The Registrar’s carefully observed description
specifies that the model was made of “unpainted iron” and also notes surface accretions and
defects. Ten years later, the artist gifted the maquette to the museum. Photographs from
that acquisition suggest that at some time while it was in Calder’s possession between 1959
and 1969 it must have received its color coat. Because the maquette was painted sometime
after the Man-Eater installation, the color scheme on the model cannot be considered a
trial for the full-scale iteration; it is the exact opposite: the larger was the example for
the smaller.

For MoMA’s 2021 exhibition, Alexander Calder: Modern from the Start, the exciting work
of reviving this forgotten sculpture began with conservation, curatorial, and registrar teams
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reviewing the documentation in MoMA’s files and examining the work in storage. The
sculpture had been repainted several times in its history. However, the only record of a
repainting campaign is correspondence between the artist and curator Dorothy Canning
Miller in 1948, where she describes the colors as not resembling the original paint applied
by Calder even though the museum used the Ronan Japan Color paints preferred by the
artist [7]. After its last exhibition between 1969 and 1970, extensive paint loss and rusting
due to outdoor exposure went unaddressed. In addition, the metal rods were likely bent by
painters holding them down to repaint them, or during handling [8]. This project provided
a unique opportunity to study the painting history and the original colors of the large
mobile and the associated maquette.

While the origins of Calder’s affinity for a palette of primary colors are explored in
the art historical literature, research in the scientific literature on Calder’s paint choices
is limited. A recent publication has investigated the red, black, and white paints used on
a motorized work from 1932, including extensive overpainting from past treatments [9].
The work outlined here contributes to the discussion on the evolution of Calder’s color
choices and subsequent attempts by The Museum of Modern Art and others to deter-
mine the hues of the early primary palette. To our knowledge, this is the first study to
delve into Calder’s yellows and blues. As part of planning the restoration treatment
for Man-Eater, the conservation team took cross section samples of the paint layers and
mounted them for microscopy. These “slices of time” open a window into the history of
the painting campaigns.

2. Materials and Methods

Scientific analysis was undertaken to better understand the pigments and binders
used in Man-Eater and the associated maquette. Both invasive and non-invasive techniques
were employed, with the latter involving both scrapings and cross sections. Initial analysis
with portable X-Ray Fluorescence (p-XRF) yielded information about possible pigments
and extenders as well as the composition of the metals. However, in the case of Man-
Eater, the extensive overpainting, coupled with the lack of historical narrative about
said campaigns necessitated micro-invasive sampling for more fingerprint spectroscopic
techniques. Samples for analysis by micro-Fourier transform infra-red (μ-FTIR) and Raman
spectroscopies were taken from areas that could be representative of different layers. While
μ-FTIR also gave some indication of the binder used in the paint formulation, the pigments
in each layer of the cross section were conclusively identified by Raman spectroscopy
in addition to scanning electron microscopy (SEM), coupled with electron dispersive
spectroscopy (EDS). Cross sections from the maquette showed a single campaign of colored
paint, which makes the results more definitive than those taken from Man-Eater, especially
as it relates to binder analysis by μ-FTIR.

The complementary nature of these methods made for a rich visualization and interpre-
tation of the original colors of Man-Eater. These results helped determine the final colors to
be used in the restoration campaign. The following is a description of the techniques used.

XRF analysis was performed with a Bruker Tracer III-SDD handheld XRF instrument
with a Rh excitation source and silicon drift detector, with a 5 mm diameter approximate
spot size. The instrument was operated at 40 kV and 3 μA, and spectra were acquired for
120 s. Additional XRF was performed on the maquette using a Bruker Tracer 5i at 40 kV
and 4.5 μA and spectra were acquired for 120 s. All the spectra were examined with the
Bruker Artax 8.0 software.

Micro-μ-FTIR (μ-FTIR) analysis was carried out in transmission mode using a Nicolet
iS50-μ-FTIR coupled with a Thermo Nicolet Continuum infrared microscope equipped with
an MCT detector. Spectra were collected in the 4000–600 cm−1 range with a 4 cm−1 resolu-
tion and 128 scans and using the Thermo Scientific OMNIC 9.12 software package. Spectra
were examined using the Spectral Search and Multicomponent Search tools available in the
Thermo Scientific OMNIC Specta 2.0 software and IRUG spectral databases [10].
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Raman spectra were collected using a Renishaw In-via Raman system, equipped with
a 785 nm diode laser at powers between 0.3 to 3 mW, a 1200 lines/mm grating, and a
Leica confocal microscope with a 50× LWD or 100× objective. Final spectra represent
an average of five acquisitions of 10 s. Raman spectra were evaluated Spectral Search
and Multicomponent Search tools available in the Thermo Scientific OMNIC Specta 2.0
software and SOPRANO [11] and UCL [12]. spectral databases.

SEM-EDS was carried out under low vacuum and using a Hitachi TM3000 microscope
(Tokyo, Japan) fitted with a Bruker Xflash MIN SVE and Quantax 70 software. Images
were acquired using analysis mode at 15 kV and a four-segment backscatter electron (BSE)
detector. The cross sections were not coated as imaging was carried out under low vacuum;
remaining gas molecules in the chamber ionize the negative buildup up on the surface of
uncoated, organic samples.

Optical Microscopy was carried out using a Leica DM IRM microscope using 5× and
10× objectives.

Cross sections were embedded in BioPlastic ®, [Aldon Corp., Avon, NY, USA] a blend
of polyester and methacrylate monomers in a styrene solvent, trimmed with a jeweler’s
saw, and dry polished with Micro-Mesh® [Micro-surface Finishing Products, Wilton, IA,
USA] silicon carbide or aluminum oxide abrasives.

3. Results and Discussion

3.1. Metals

Based on XRF analysis, Man-Eater is made of a steel of containing manganese. Areas
denuded of paint were severely rusted. In most cross sections, there are two metallic layers,
a reddish layer followed by a silvery one, on top of which the first colored paint layer
has been applied. SEM-EDS analysis confirmed what could be concluded visually from
microscopy: a layer of rusted steel rich in iron coated with a silvery, flaky layer of aluminum.
Aluminum paint functions as an anti-corrosion coat on top of a steel substrate. Due to its
rapid oxidation when exposed to air, an aluminum flake paint can confer a high degree of
corrosion protection on a steel substrate by forming a thin, transparent layer of aluminum
oxide film. This impervious layer is self-adherent and reaches a maximum thickness of
100 Å [13]. The effect has been understood since the early 1900s and was popular in the
1920s and 1930s for automotive and structural parts. In line with Calder’s practice, the
original color layer is applied directly atop the protective coating of aluminum [14]. The
steel rust penetrated upwards through both the aluminum paint and the first colored paint
layers in many cases, suggesting that the first repaint campaign was necessitated by surface
paint loss due to rusting of the steel substrate.

The maquette’s metal structure is unusual because the colored flags are a different
metal than the remaining black elements [15]. XRF analysis showed the colored pennants
atop the vertical rods to be made of an aluminum alloy containing lead, iron, silicon,
manganese, and zinc. This could suggest an effort to lighten the load on the vertical rods.
The lower black pennants are an iron-based alloy whose weight serves to keep the rods
vertical. The XRF spectrum of the rods showed an intense peak for copper in addition to
iron. A closer examination of the dull brown patches on the black-painted rods shows that
they appear to be copper-clad steel, which has application in the electric and automotive
industries, for example [16,17]. This metal has been observed on rare occasions in other
sculptures by Calder [15]. The rivets connecting the black rods to the colored aluminum
pennants are made of a brass alloy of copper, zinc, arsenic, and possibly titanium.

3.2. Yellow Paint

The color of the sole yellow pennant in Man-Eater had bleached considerably, ren-
dering it remarkably light in comparison with underlying layers visible in chips on the
edges. The surface was also visibly scratched and scuffed but had the brush marks of hand
application. Calder is known for hand painting many of his early painted outdoor works,
and retaining that quality would have been paramount to any repainting campaign.
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In the yellow cross section (Figure 3), nine individual layers of paint are clearly de-
lineated, varying in shades from intense, to pale, to greenish. Chrome yellow (P.Y. 34;
C.I. 77600), chemically a lead chromate (PbCrO4), was observed in the Raman spectra of the
first eight layers. This was also confirmed by SEM-EDS (Figure 3), where Pb and Cr were
recorded across those layers. Chrome yellow pigment was first synthesized in 1804 but
only came into prominence when more abundant sources of chrome minerals were avail-
able [18]. Chemically, chrome yellow is available as a pure PbCrO4 or as solid solutions,
with PbCrO4 and lead sulfate (PbCr1−xSxO4), in shades that range from yellow to orange
(x < 0.1) to lemon-yellow (0.2 ≤ x ≤ 0.4) and pale yellow (x > 0.5) with increasing sulfate
concentration (C.I. 77603 when coprecipitated with PbSO4) [19]. Partial replacement of the
chromate in solid solutions brings about a reduction in tinctorial strength with increasing
sulfate concentration but allows for the manufacture of yellows with a greenish hue. In
terms of crystallography, PbCrO4 presents as monoclinic and PbSO4 as orthorhombic, and
substitution of chromate ions by smaller sulfate ions leads to a compression of the mono-
clinic unit cell at low sulfate concentration and a change from monoclinic to orthorhombic
when x exceeds 0.4 in a solid solution.

Figure 3. Cross section imaging of a sample taken from the yellow pennant in Man-Eater. (a) BSE image of the cross section
and (b) associated EDS mapping of relevant chemical elements, of particular note is the Cd and Ti in Layer 9 and Pb and
Cr in the remaining layers. (c) Light microscope image at 20× magnification showing all 9 layers of paint and aluminum
anticorrosive paint, indicated by an arrow. © 2021 MoMA, New York, NY, USA.

This phenomenon is also observed by Raman spectroscopy (Figure 4), where shifts to
higher wavenumbers of some chromate bands indicate the presence of lead sulfate [19]. The
ν1(CrO4

2−) symmetric stretching mode shifts to higher energy with increasing substitution
of sulfate ions into the lattice. Discrete shifts between the spectra of the yellow layers point
to at least two different yellows used in the overpainting. This is evident in Layers 1, 2,
and 3 in the cross section, where ν1(CrO4

2−) is at 841 cm−1 in comparison with 839 cm−1

in the remaining layers. The ν4/ν2(CrO4
2−) bending multiplet is also influenced by sulfate

substitution and cell compression; ν4(CrO4
2−) modes for pure chrome yellow are located

at 400, 376, and 357 cm−1, while those at 336 and 323 cm−1 are attributable to ν2(CrO4
2−)

modes. Further pointing to the presence of sulfate in the first three layers, the mode at
400 cm−1 is shifted to 403 cm−1 and that at 357 cm−1 to 360 cm−1. A band at 970 cm−1

attributed to a ν1(SO4
2−) mode [19]. The pair of Layers 2 and 3 cements the presence

of a solid solution of chromates and sulfates, perhaps one that is still monoclinic with
few sulfates. While this peak was not seen in layer 1 due to noise, it can be said with
some certainty that a paint containing a PbCr1−xSxO4 pigment was the original color of
the yellow pennant, one that was possibly lemony in hue at one time. Similarly, Layer
5 exhibits the presence of ν1(SO4

2−) from lead, barium, and calcium sulfates, based on
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Raman analysis (Figure 3). Layer 5 was also rich in silicates but contained less pigment
material, as indicated by the elemental distribution observed in SEM-EDS. Layer 4 consists
only of PbCrO4 and BaSO4, Similarly, the color and spectra of Layers 6, 7, and 8 consist of
PbCrO4 and BaSO4 based on Raman analysis (Figure 3). They could have been applied
successively in one repainting campaign with drying time between coats.

Figure 4. Raman spectra of the first 8 layers in the cross section of a sample taken from the yellow pennant in Man-Eater.
The slight shifts to higher wavenumbers in Layers 1, 2, 3, and 5 in both the ν1(CrO4

2−) stretching band and ν4/ν2(CrO4
2−)

bending multiplet suggests the presence of a solid solution of lead chromate and lead sulfate (PbCr1−xSxO4). This is
confirmed by the ν1(SO4

2−) stretching mode observed between 973 and 978 cm−1 in the inset.

Curiously, the Raman spectrum of Layer 9 in the cross section showed no signs
of chrome yellow, only that of the tetragonal rutile form of titanium white (TiO2) with
bands at 144 (B1g), 445 (Eg), and 610 (A1g) cm−1 [20]. The Raman spectrum exhibited a
recently characterized luminescence emission pattern (1222, 1306, 1385, 1497, 1600, and
1686 cm−1; see Figure 5 and Figure 7) attributed to neodymium (Nd3+) ions substituting
into the orthorhombic alkaline earth sulfates of titanium dioxide pigments, made through
co-precipitation with barium sulfate (BaSO4) or calcium sulfate (CaSO4), where Nd3+

occurs naturally in ilmenite (FeTiO3), the source ore for Ti [21]. Observing this pattern can
help with dating issues, as it was only detected in works dating from 1945–1977. These
co-precipitated pigments of lower tinting strength were more prevalent in industrial paints,
in particular oils and alkyds. However, the presence of both BaSO4 (988 cm−1) and CaSO4
(1017 cm−1) complicates the identification of the type of co-precipitate, where either could
have been added mechanically to the pigment mixture. In turn, this makes it more difficult
to establish the date of the final repainting campaign since BaSO4 and CaSO4 coprecipitates
were phased out in the late 1940s and 1970s, respectively. Internal records show that,
after the Salute to Calder exhibition closed in 1970, a repaint was considered but never
executed [22]. The Nd3+ luminesce pattern in the Raman spectrum places a last repainting
within the accepted range of 1945–1977.

While no yellow pigment was detected via Raman spectroscopy in Layer 9, SEM-
EDS (Figure 3) showed the top layer to contain cadmium unlike the remaining layers of
paint, indicating the presence of the semiconductor pigment cadmium sulfide, known as
cadmium yellow (P.Y. 37; C.I. 77199). Cd was also seen in the XRF spectra taken of the
yellow pennant. SEM-EDS also showed this layer to be particularly rich in magnesium
silicates and silicates that are used as fillers.
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Figure 5. Microscopy images of three cross sections (a–c) taken from the Mobile with 14 Flags, or the maquette, as referred
to in the text. The Raman spectrum of each of these colors (d) shows the presence of ultramarine in the blue, chrome yellow
in the yellow, and P.R. 4 and molybdate orange (†) in the red. The white priming layers observed in (a,c) contain titanium
white in rutile form deposited on CaSO4 (*), which again shows a luminescence pattern (*) from a Nd3+ impurity. © 2021
MoMA, New York, NY, USA.

The presence of cadmium yellow could explain the pale appearance of the top yellow
layer, as cadmium yellow is known to blanch with exposure to light, humidity, and envi-
ronmental acid—a given for any outdoor sculpture. This exposure leads to the formation
of cadmium sulfate (CdSO4), which can react further with carbon dioxide (CO2) to form
cadmium carbonate (CdCO3) [23]. While these moieties were not identified directly, this
drastic fading is characteristic of cadmium yellows, even under gallery conditions [24]. It
was also found that CdS degrades most when illuminated with blue light, which is fully
absorbed and generates the highest photocurrent electrochemically [25]. Consequently, the
abundance of energetic ultraviolet (UV) and blue light from solar radiation can promote
more rapid decay of CdS. Oddly, the reverse is also true: cadmium yellow has been shown
to darken considerably when embedded in an alkyd resin [26,27]. While that was not seen
here, it points to the photoactivity of cadmium sulfide. Additionally, TiO2 has a photo-
catalytic effect on some pigments when exposed to UV radiation [28], as when Man-Eater
was installed outdoors. TiO2 also exhibits photocatalytic chalking, or degradation of the
paint film that exposes pigment particles, and could have further hastened the blanching
of Layer 9 [29]. Conversely, the dark color observed visually in Layer 1 can perhaps be
attributed to the photo-induced reduction in chromate ions to Cr (III) compounds, which is
driven by both visible and UV light [23] and can markedly affect those chromate yellows of
the rhombic varieties [18]. Sulfur-rich orthorhombic yellows are more prone to browning,
possibly due to the increased solubility of PbCrO4 and PbCr1−xSxO4 in this phase, making
more chromate ions available for redox reactions [13].

In contrast, the paint of the yellow pennant (Figure 5) in the maquette is still vibrant
yellow. A cross section from the maquette showed only two layers, a white priming layer
followed by a yellow one. The yellow was similarly identified as a chrome yellow, one
that is probably a solid solution of lead chromate and lead sulfate (PbCr1−xSxO4). As in
Layers 1 through 3 in the cross section from Man-Eater, the symmetric ν1(CrO4

2−) stretch
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is broadened and shifted to 845 cm−1, and the ν4(CrO4
2−) bending modes to 404 and

364 cm−1, all of which are results of crystal compression. This paint is also characterized
by a strong ν1(C–O) symmetric stretch at 1090 cm−1 and a weak in-plane bend ν4(C–O)
at 717 cm−1, both characteristic of calcium carbonate (CaCO3). This confirms that the
maquette and Man-Eater have two different yellow paints. Interestingly, the white priming
layer also exhibited the same luminescence emission pattern attributed to Nd3+ ions in
titanium-based whites. Both CaSO4 (1020 cm−1) and CaCO3 (1090 cm−1) are identified in
this white, suggesting a different rutile-based paint pigment than in Man-Eater. The absence
of BaSO4 is more diagnostic for dating and places the painting sometime between 1959,
when it left the museum and 1969, when it came back, confirming internal registrar records.

3.3. Blue Paint

As with the yellow pennant in Man-Eater, the blue pennant had bleached significantly,
presenting as a brittle, light blue layer of paint. In chipped areas, darker blue layers of
paint were visible below the light blue layer with the most vibrant blue layers closest to the
rusted metal. Interestingly, one face of the blue pennant was slightly more vivid in color,
which prompted the analysis of two different cross sections. From this point onward, the
lighter side will be referred to as Side A, and the darker as Side B. This could be a result of
the static nature of this mobile as discussed in internal correspondence, allowing Side A to
be more exposed to the sun than Side B.

Analysis of the cross section from Side A (Figure 6) showed a dramatic rusting of the
steel, infiltrating through the silver layer and into the first layer of paint. As in the yellow
cross section, SEM-EDS confirmed the steel rust and the aluminum flake paint. In total,
6 layers could be delineated on Side A, with colors ranging from midnight to baby blue.

Figure 6. Cross section imaging of a sample taken from Side A of the blue pennant in Man-Eater. (a) BSE image of the cross
section and (b) associated EDS mapping of relevant chemical elements, of particular note are the Ti and Ca in Layers 8A
and 9A, the distribution of Al, S, Na, and Si associated with ultramarine. (c) Light microscope image at 20× magnification
showing all 9 layers of paint, aluminum anticorrosive paint (red arrow), and the rusting steel (yellow arrow). Image
copyright 2021 MoMA, New York, NY, USA.

The analysis of the first two paint layers of the lighter side, 1A and 2A, indicated the
use of Prussian blue (P.B. 27; C.I. 77510) as the only blue pigment. CaSO4 was also identi-
fied through Raman (1017 cm−1). Prussian blue (FeIII[FeII(CN)6]3−), was first synthesized
accidentally by Dresbach in 1704 and became industrially produced by the nineteenth
century [30]. It is the oldest synthetic coordination compound and has since found impor-
tant use in the printing industry in addition to paints and artist materials. The dark blue
color of Prussian blue is due to an intervalent transition between FeII and FeIII through a
coordinated cyano group (CN) where light in the orange-red region around 700 nm is ab-
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sorbed [30]. The presence of Prussian blue was identified in the Raman spectrum (Figure 7)
by the 1Ag ν(CN) stretching vibration at 2160 cm−1 and the Eg ν(CN) stretching vibration
at 2090 cm−1 [31]. The spectrum also shows peaks for ν(Fe−C) stretching modes at 606 and
536 cm−1, σ(Fe−CN−Fe) bending modes at 376 and 278, and a σ(Fe−C−Fe) deformation
at 189 cm−1. Perhaps most interesting is the shoulder at 2123 cm−1, which corresponds
to a CN− stretch related to the 1Ag ν(CN) mode. This shoulder is most pronounced in
the “soluble,” or colloidal varieties of Prussian blue, where association with a cationic
species such a K+, NH4

+, or Na+ maintains charge balance, as opposed to the insoluble
form that relies on a higher concentration of FeI I I [31,32]. Chemically, Prussian blue is
prone to photoreduction and fading, the same quality that made the pigment valuable for
cyanotypes, an early photographic method, and soluble varieties are far more sensitive
to fading than the insoluble form [33]. The presence of extenders can also exacerbate
photoinduced fading, and SEM-EDS showed this paint layer to be particularly rich in
magnesium silicates and other silicates. This can explain the discoloration of Layers 1A
and 2A and might have prompted repainting of the blue pennant with a darker blue Layer
3A, which was shown to contain ultramarine (P.B. 29; C.I. 77007) and a smaller amount
of Prussian blue (Figure 7). The darker appearance of Layer 3A might correspond to the
combination of two blues rather than a single color.

Figure 7. Raman spectra of the pigments in all 8 layers from Side A of the blue pennant in Man-Eater. Ultramarine (†) is
observed at 550 cm−1 in Layers 3A, 4A, 5A, 6A, and 8 A; Prussian blue (‡) at 2090 and 2160 cm−1 in Layers 1A, 2A, 3A, and 8A.
Titanium white was observed in anatase form in layers 3A, 4A, 5A, and 6A, whereas the rutile form was observed in Layers 7A
and 8A, in addition to a luminescence pattern (*) from a Nd3+ impurity attributed to titanium white deposited on CaSO4 (•).

By the 1940s, the use of synthetic ultramarine (3Na2O·3Al2O3·6SiO2·2Na2S) was com-
monplace after its laboratory preparation in 1828 by Guimet in France and Gmelin in
Germany [34]. The incorporation of a sulfur radical (S3

−) into the sodalite crystal lattice of
sodium, aluminum, silicon, and oxygen acts as a chromophore. The broad absorption of
green-yellow-orange visible light of this radical, centered around 600 nm, gives the pigment
its signature blue color. This energy corresponds to an electronic transition between two
singly occupied molecular orbitals [35]. Ultramarine was identified through Raman spec-
troscopy (Figure 7) by the S3

− radical symmetric stretch at 540 cm−1 [36]. Elemental analysis
by XRF confirmed the presence of Al, Si, S, and K, whereas SEM-EDS showed the presence
of the lighter Na. With a relatively low refractive index of 1.5, the opacity of the ultramarine
is increased by the addition of white pigments, which is seen here with the addition of
anatase (TiO2), seen in the Raman spectrum at 144 cm−1, and confirmed by the presence of
Ti in SEM-EDS. The Raman spectrum of Layers 4A and 5A show a higher concentration of
anatase resulting in a much lighter blue than Layer 3A; the two are similar in composition
and could have been applied in two successive coats that contain ultramarine and anatase.
Layers 6A and 7A are even lighter in color than the previous two, but they contain the same
mixture of ultramarine and anatase and could also have been applied successively as part
of one campaign. The white Layer 8A shows the Nd3+ luminescence pattern associated
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with rutile (TiO2) precipitated on CaSO4, which was also observed in Layer 9 of the yellow
pennant. Finally, Layer 9A shows very small peaks for ultramarine and BaSO4 in addition
to the dominant Nd3+ luminescence pattern of TiO2. Additionally, the detection of niobium
(Nb) in the XRF spectra of the blue pennant further narrows down the type of rutile present.
The presence of detectable amounts of this rare earth metal by XRF is indicative of the sulfate
process for producing titanium white, where it remains after manufacture as an impurity
from the ore [37]. As in the case of the pale-yellow Layer 9, TiO2 has been shown to have a
catalytic effect on the degradation and fading of Prussian blue, which could explain some of
the lighter blues observed in those layers containing the white pigment [28]. Interestingly,
the color of the blue pennant was named “light gray” in internal correspondence from 1970,
far from the original deep Prussian Blue [22].

Similar to Prussian blue, ultramarine is prone to photoinduced fading; it is also highly
sensitive to acids, which are prevalent in urban settings [38]. Furthermore, it has been shown
that ultramarine pigment dispersed in an alkyd binder accelerates the degradation of the
paint film and results in a bleached and brittle film [26,27]. Consequently, the combination of
chemical sensitivity and catalytic effect can explain the pale color of the blue pennant.

Side B (Figure 8) is darker in comparison to Side A, but it also exhibits fading. The
same penetration of steel rust up through the aluminum and the first paint layers is again
observed. Layers 1B and 2B contains Prussian blue and CaSO4; Layer 3B ultramarine,
Prussian blue, and anatase; a thin Layer 4B followed by a thick Layer 5B contain ultramarine
and anatase; a tan-colored Layer 6B with anatase; Layer 7B rutile precipitated on CaSO4;
and Layer 8B ultramarine with rutile precipitated on CaSO4. After Layer 3B, there is a
breakdown in the similarity between the two sides, as the lighter Layers 6A and 7A have
no counterpart in the stratigraphy of Side B. The Raman spectrum of Layer 6B indicates it
is composed of anatase, but the tan color can be attributed to the presence of Fe, possibly
in the form of iron oxides, barites, and silicates, all detected by SEM-EDS. The purpose of
this layer is unclear. Layers 7B and 8B have the same composition as Layers 7A and 8A
were probably applied at the same time.

 

Figure 8. Cross section imaging of a sample taken from Side B of the blue pennant in Man-Eater,
showing layer 6B, which is unique to this face of the pennant. Raman analysis indicates this layer to
be anatase-based, and SEM-EDS shows it to be rich in iron, which gives the layer its tan color. © 2021
MoMA, New York, NY, USA.
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In contrast, the paint of the blue pennant on the maquette is still vivid, and a cross
section showed three layers, a white priming layer followed by two blue ones of the same
compositions. The blue was identified as ultramarine, which is typical of Calder’s mature
palette [39]. This paint is also characterized by a ν1(C–O) symmetric stretch at 1090 cm−1

characteristic of CaCO3. This further confirms that the maquette and Man-Eater were painted
at different times and with different blue paints. The white priming layer also exhibited
the Nd3+ luminescence emission pattern attributed to Nd3+ ions in rutile, and both CaSO4
(1020 cm−1) and CaCO3 (1090 cm−1), all similar to the priming layer of the yellow pennant.
These paints again do no match any of those found in the blue pennant of Man-Eater.

3.4. Red Paint

The extant red paint on the pennants in Man-Eater was the most vibrant of the
three primary colors on the surface. Nevertheless, the paint was brittle and chipped; in
some areas, the aluminum coating was visible, in others, the rusted metal was exposed.
Multiple cross sections were taken from the five red pennants and all revealed an identical
stratigraphy (Figure 9). Some of the red hues veered darker even to the naked eye, especially
those closer to the iron surface save for Layer 1 (Figure 9). Similar to the yellow and blue,
SEM-EDS confirmed the presence of a steel rust layer followed by an aluminum paint
coating. Raman analysis (Figure 10) proved crucial in analyzing the red pigments, where
every layer contained one or more β-naphthol organic red pigments. This class of pigments
first became available at the turn of the 20th century by coupling a substituted aniline ring
with β-naphthol [40]. It is worth noting that assigning a particular shade to β-naphthol
organic red pigments can be challenging because the presence of fillers, particle size,
and method of manufacture all affect their final color [13]. These pigments also range in
photosensitivity, and for some, white reduction from a deep shade using diluents, such
as titanium white, can make them prone to fading, possibly due to catalytic effects also
observed on other organic reds [28]. These pigments are sensitive to solvents, acids, bases,
and some even to water.

Figure 9. Cross section imaging of a sample taken from one of the red pennants in Man-Eater. (a) Light microscope image at
20× magnification showing all 8 layers of paint and aluminum anticorrosive paint, and (b) BSE image of the cross section
that shows the division between layers 5, 6, and 7 in particular. © 2021 MoMA, New York, NY, USA.

In Layer 1, Parachlor Red (P.R. 6; C.I. 12090) was identified by Raman spectroscopy
(163, 176, 219, 267, 331, 372, 394, 421, 465, 484, 533, 613, 635, 658, 710, 743, 763, 840, 861(sh),
985, 1091, 1103, 1132, 1140, 1158, 1180, 1218, 1243, 1265, 1291, 1326, 1392, 1447, 1474, 1485,
1555, 1565, 1584, 1605, 1623 (sh) cm−1). P.R. 6 was first synthesized in 1906 and was
used until the late 1980s when it rapidly fell out of favor due to high solubility in organic
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solvents and mineral spirits as well as poor lightfastness [13]. Nevertheless, this pigment
was used in air-drying alkyd systems, because deep shades without much white reduction
are relatively lightfast [40]. In the context of Calder’s preference for matte paints, it is
plausible that the original layer of paint was an alkyd one that contained P.R. 6. Chlorine
Kα1 and Kα2 lines were obscured by Rh L-series lines and as such not discerned in XRF,
and mapping with SEM-EDS only indicated that the paint was likely extended with silicates
and/or magnesium silicates. Furthermore, the difficulty of detecting chlorine elementally
is due to P.R. 6 having only one chlorine substituent. Layer 2 shows a mixture of P.R. 6 and
Para Red (P.R. 1; C.I. 12070) in the Raman spectrum (185, 360, 410, 460, 1002, 1105, 1428,
1592 cm−1). The latter was the first synthetic organic red discovered in 1895 but has since
lost its industrial significance. P.R. 1 has a dull brown hue, and is not fast against organic
solvents, acids, bases, and even water; it is also prone to darken on exposure to light [40].

Figure 10. Raman spectra of all 8 Layers of a cross section from one of the red pennants in Man-Eater. All layers contain one
or more β-naphthol red and all peak positions are listed in the text. In addition, Layers 4, 5, 6, 7, and 8 contain red lead (*);
and layers 5, 6, and 7 molybdate orange (†) at 825 cm−1 and chrome yellow (‡) at 839 cm−1.

Layers 3 and 4 are similar in composition and could have been applied in two coats
succession. They both also contain P.R. 1 according to their Raman spectra (185, 326, 360,
410, 461, 614, 632, 729, 986, 1002, 1105, 1167, 1201, 1228, 1257, 1324, 1396, 1428, 1496,
1592 cm−1), with SEM-EDS indicating the presence of a calcium-based filler in addition
to silicates and/or magnesium silicates. However, Layer 4 also contains some red lead
(Pb3O4) as evident by lattice bands at 121 (A1g), 151(E2g), and 547 (A1g) cm−1 [41] in
addition to lead Mα and Mβ lines in SEM-EDS. Red lead (P.R. 105; C.I. 77518), one of the
earliest pigments to be artificially made, has been used as a red pigment since as early as
the 5th B.C. century in China [42]. Today, it is manufactured by heating lead oxides and is
mostly used as a protective pigment to passivate iron and steel and inhibit corrosion [13].
The choice of a paint containing red lead might have seemed appropriate at the time of
repainting because of evidence of rusting on the red pennants.

Layers 5, 6, and 7 are rather complex paint layers, with at least 4 pigments present,
one organic and three inorganics, and could be three coats applied in one campaign. Layer
5 seems to be painted over a physically degraded Layer 4 since it fills several voids to form
a jagged layer. The organic pigment, chlorinated para red (P.R. 4; C.I. 12085) is a positional
isomer of P.R. 6 and has a yellowish red hue (313, 340, 358, 594, 624, 708, 719. 736, 769, 890,
986, 1096, 1117, 1125, 1188, 1296, 1337, 1396, 1451, 1487, 1555, 1587, 1617 cm−1). P.R. 4 has
lost much of its commercial impact, as it is tinctorially weak and loses much of its light
fastness in white reductions, while, in contrast, even full shades darken upon exposure to
light [40]. The inorganics include red lead, chrome yellow—possibly the monoclinic form
with few or no sulfates considering the position of the ν1(CrO4

2−) stretch at 839 cm−1—and
molybdate orange (P.R. 104; C.I. 77605).

Molybdate orange is a solid solution of PbCrO4·PbMoO4·PbSO4, used mainly in paints,
coatings, and colored plastics. It was first industrialized in 1934-35, and commercial pigments
contain ~10% lead molybdate (PbMoO4) [38]. This pigment is often found in mixtures with
chrome yellow to match the color of the orange basic lead chromate (PbCrO4·PbO), which
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is no longer of commercial importance. Molybdate orange is also found in mixtures with
organic reds to give an extended color range and impart lightfastness and weather resistance
onto a paint film [13]. Molybdenum was first identified in the paint stratigraphy through
non-invasive XRF and confirmed by Raman spectroscopy with a ν1(CrO4

2−) symmetric
stretch at 825 cm−1 presenting as a doublet with chrome yellow [43].

Layer 8 is a mixture of both red lead and toluidine red (P.R. 3; C.I. 12120). P.R. 3 is the
most lightfast of the β-naphthol reds in deep shades and is manufactured and used on a
large industrial scale. Primarily employed in air drying paints, it is the most important
of the β-naphthol reds and was also used in printing inks, pastels, and watercolors [40].
Nevertheless, much as with the remaining β-naphthol reds, it suffered from a sensitivity to
light and solvents and declined in popularity after the 1970s. SEM-EDS indicated Layer 8 to
be extended with a calcium-based filler, silicates, and magnesium silicates. In comparison
with Man-Eater, the red on the maquette appears to have been painted in two layers, a
very thin preliminary one with a thicker coat of red on top. Unlike the blue and yellow
pennants, the red paint was applied directly to the aluminum with no white layer. While
Raman and SEM-EDS analysis indicated that they are similar in composition, the lower
layer is visually more saturated in color. The pigments consisted of P.R. 4 and molybdate
orange, the latter identified in the Raman spectrum by a ν1(CrO4

2−) stretch at 827 cm−1

and a ν1/ν2(CrO4
2−) bending multiplet at 341/359 cm−1. Mo was observed in the XRF

spectrum using the Tracer 5i and confirms the presence of molybdate orange. The paint also
included TiO2 in rutile form (449, 612 cm−1) and CaSO4 (1020 cm−1). The B1g mode at 144
is obscured due to a broad band at 155 ascribed to Pb–O lattice modes in lead chromate [44].
Similar to the rest of the primary colors on the maquette, the red pennant is different in
shade and composition than in Man-Eater.

3.5. Black

The black paint from the lower pennants of Man-Eater showed two layers in the
cross section, in addition to extensive rusting. The aluminum layer was not seen in the
cross section but observed during treatment. This points to consistent surface preparation
of the metal before applying any paint. Raman analysis of the layers proved difficult
due to overwhelming fluorescence. Mapping with SEM-EDS was more fruitful here and
confirmed XRF analysis, where Layer 1 was rich in Ca and P, which indicates the presence
of bone black (P.Bk. 9; C.I. 77267). Bone black is defined as a carbonized product of collagen
mixed with hydroxyapatite (Ca5(PO4)3), and the latter is the source of Ca and P in the
SEM-EDS and XRF [45]. Layer 2 did not show the presence of these secondary constituents
and can indicate a carbonaceous black not derived from bone matter. The black-painted
shapes on the maquette also had only two layers. Fluorescence was not problematic in this
instance, and Raman analysis of Layers 1 and 2 indicated the presence of a carbon-based
black in both layers, with D and G bands at 1324 and 1597 cm−1, respectively [46]. The
D band is indicative of disorder in the crystal structure of carbonaceous blacks, while the
G band arises from C–C stretching [47]. While both layers are rich with large particles of
Ca that were identified as CaCO3 by Raman spectroscopy (156, 238, 714, 1090 cm−1), only
Layer 1 is rich in aluminosilicates based on SEM-EDS. Finally, Layer 2 interestingly showed
the presence of Prussian blue by Raman spectroscopy with weak but readily identifiable
1Ag ν(CN) stretching vibration at 2160 cm−1 and the Eg ν(CN) stretching vibration at
2090 cm−1. Curiously, XRF spectra indicate that the rods were painted with a bone black,
where hydroxyapatite was detected by the presence of phosphorous, unlike the pennants.

3.6. Paint Binder

Obtaining a sample of the original paint layer from Man-Eater proved difficult consider-
ing the many layers of overpaint. In all samples, the presence of both pigments and fillers
obscured most peaks in the fingerprint region of the μ-FTIR spectrum, generally in the mid-IR
from 1800 to 500 cm−1 [48]. Diagnostic C–O and C–C skeletal vibrations in the fingerprint
region were obscured by the broad peaks of pigments such as ultramarine (1096 cm−1) and
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chrome yellow (851 and 819 cm−1) and fillers such as calcium sulfate (1620, 1425 (sh), 1148
(sh), 1120, 670 cm−1), calcium carbonate (1803, 1447, 1411, 879 cm−1), and barium sulfate (1186,
1124, 1074, 982 cm−1). All pigments and fillers seen in Raman analysis of the cross sections
were confirmed by μ-FTIR but assigning them to a respective stratigraphy is not possible.
However, samples from different representative areas were analyzed by transmission μ-FTIR
in hopes of identifying any binding media from the now brittle paint.

A carbonyl (C=O) stretching band at 1734 cm−1 was detected in all μ-FTIR spectra
from Man-Eater, with intensities varying from medium to very weak, exemplified here
by a spectrum of a sample taken from the edge of the blue pennant (Figure 11). Detected
across all spectra were C–H stretches at 2956 (sh), 2927, and 2855 cm−1. Blue was also
identified in this sample by peaks at 2098 [ν(CN)] and 1415 cm−1, in addition to calcium
sulfate (1620, 1425 (sh) 1148 (sh), 1120, 670 cm−1). An unidentified peak at 794 cm−1 could
belong to a silicate, perhaps quartz, considering the presence of silicon in the EDS mapping.
This composition matches the Raman composition of the first paint layer in the blue cross
sections, with only Prussian blue. While it is difficult to make a conclusive assessment
without more chromatographic techniques, the identified bands in these spectra point
towards an alkyd resin paint [49]. Alkyd paints were manufactured for commercial use,
such as household or industrial paints, and only Winsor & Newton continues to have a line
of artist-grade alkyd paints [49,50]. Calder’s preference for these matte paints, especially
those manufactured by Ronan, is well documented [8,9,14,39]. Most often, alkyd paints
are polyester resin-based, made from combining polyhydric alcohol with a polybasic acid,
to which monobasic drying oils are added, lending elasticity to an otherwise hard resin
film. Here, the C=O band points to the polyester resin, as the fingerprint region is not
particularly diagnostic for the drying oil; furthermore, oil C=O peaks are comparatively
lower in absorption [49]. Conversely, the C–H bands probably belong to the drying oil
component in alkyd paints, which can vary in concentration depending on the desired
finish and drying time, among other factors [50]. Samples taken from the surface of the
maquette are more representative of the binder in comparison with Man-Eater considering
the absence of many layers of overpaint. The μ-FTIR spectra of the samples from the
maquette showed the same C=O and C–H absorption bands as that of Man-Eater, indicating
a possible alkyd binding medium as well.

 

Figure 11. A μ-FTIR spectrum acquired from a sample taken from the edge of the blue pennant in
Man-Eater. The presence of Prussian blue as was detected in Raman spectroscopy in Layers 1A and 1B
(†), and not ultramarine, possibly indicates this sample as original. A carbonyl (C=O) stretching band
at 1734 cm−1 and C–H stretches at 2956 (sh), 2927, and 2855 cm−1 point towards an alkyd binder, but
any remaining diagnostic peaks are obscured by the presence of CaSO4 (*) and a silicate (‡).
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4. Conclusions

For MoMA’s 2021 exhibition, Alexander Calder: Modern from the Start, the possibility
arose for reviving Man-Eater with Pennants, a forgotten sculpture by the artist. The sculpture
had been repainted several times early in its history; however, after its last exhibition in
1969–1970, extensive paint loss and rusting, due to outdoor exposure, were not addressed.
As part of planning the restoration treatment for Man-Eater, cross sections and samples
were taken for further analysis by Raman spectroscopy, SEM-EDS, and XRF to determine
the pigments present and aid in the identification of the artist’s original color choices. The
original paint layers were identified as the ones closest to an aluminum anti-corrosive
layer or those penetrated by drastic rusting of the metal. Through these analyses, we
can establish an early primary palette for Calder: a darker blue based on Prussian blue,
a brown-red based on P.R. 6, and a lemon yellow based on a sulfate-containing chrome
yellow. Among the many layers of overpaint, the ones last applied can be dated to no
later than the 1970’s due to the presence of the Nd3+ rich titanium white, which seems
plausible considering that the work has not been exhibited since 1970. Analysis of the
associated maquette confirmed the later painting date as described in internal records based
on the presence of the Nd3+ rich titanium white as a completely different palette consisting
of ultramarine blue, a chrome yellow, and the yellowish-red P.R. 4 in combination with
molybdate orange. Considering that the maquette was painted between 1959 and 1969
and does not appear to have been repainted since, the colors do not match those of the
original paints in Man-Eater. To our knowledge, this is the first analysis of his early primary
palette in the literature and presents a unique path forward for other treatments of works
of Calder from this period held at other institutions and private collections worldwide.

As part of the treatment undertaken by Monumenta Art Conservation and Finishing
LLC, the aged paint layers and surface rust were removed before applying an anti-corrosion
primer, followed by epoxy paint base coats. The analysis of Man-Eater and the maquette
helped determine the tonality of yellow, blue, and red used in the restoration campaign.
Additionally, it was important to note the presence of toxic pigments, such as red lead, from
a safety perspective. Most significantly, understanding the differences in pigment composi-
tion between the maquette and final sculpture prevented the use of inaccurate colors, as
was done in other instances in the past [14]. The final color coats were applied by spray
and brush. Now, half a century after its last exhibition, Man-Eater with Pennants is newly
conserved and installed, ready to delight and charm visitors to MoMA’s sculpture garden.
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Abstract: In preparation for exhibition, an ancient Greek terracotta krater received treatment which
included selective in-painting with cadmium orange (CdSSe). After one year on display the object
displayed disfiguring alteration in select areas of restoration. Cross-section analysis of samples taken
from the object revealed that alteration only occurred in areas where the paint was in direct contact
with darkened and abraded areas of the terracotta surface, in which analysis found the presence
of chlorine. The alteration was recreated in mock-ups for more in-depth analysis. Using Raman
spectroscopy and scanning electron microscopy with energy-dispersive X-rays (SEM-EDS) it was
discovered that selenium-rich structures were forming throughout the paint films. The observed
alteration is the result of degradation of the CdSSe pigment which occurs in the presence of chlorine
and light. This research highlights the need for careful selection of restoration materials when dealing
with objects suspected to contain residual chloride ions if desalination cannot be undertaken.

Keywords: alteration; cadmium orange; chlorine; selenium; terracotta

1. Introduction

The Harvard Art Museums Bell Krater: Torch Race (1960.344, dated c. 430-420 BCE,
Figure 1a) was one of several Greek terracotta artefacts which received treatment in prepa-
ration for display in 2014. After one year of display the cadmium orange restoration paint
on the krater had altered in color in some areas from orange to grey (Figure 1b,c). In
comparison, other objects displayed in the same case also in-painted with the same paint
showed no sign of alteration. The appearance was deemed unacceptable and re-treatment
was required. To appropriately re-treat the krater an understanding of the cause of the
alteration was essential and began with understanding the treatment history of the object.

There is no record of any conservation work performed on the krater before its bequest
to the museum, however, the object had been re-assembled in the past and this treatment
resulted in misplaced joins, abraded surfaces and noticeable over-paint. During a 2004 loan,
an efflorescence was observed on the object. The efflorescence was analyzed by SEM-EDS
and found to contain calcium and chlorine. FTIR analysis was also performed but the
mineral could not be identified with the available spectral databases at that time.

When the spectrum was revisited in the early stages of this investigation, the expansion
of the Infrared and Raman Users Group (IRUG) spectral database [1] led to the identification
of calclacite (Ca(CH3COO)Cl.5H2O), a calcium chlorine acetate salt (see Figure 5 later).
The formation of calclacite has previously been attributed to archaeological ceramics that
have residual chlorides from burial or treatment with hydrochloric acid and have been
stored in wooden cases [2]. Hydrochloric acid, along with other acids such as acetic or
nitric, were used in the past to remove burial accretions [3]. For hydrochloric acid, if not
completely removed from the object by rinsing, residual chlorine salts can remain and
can react with the acid vapors from the wood resulting in the efflorescence. Based on the
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identification of the efflorescence, the assumption was made that the object underwent
incomplete treatment with hydrochloric acid to remove burial accretions at some point in
the past.

 

Figure 1. (a) Bell Krater: Torch Race, in the Manner of the Peleus Painter (c. 430-420 BCE, 1960.344)
after conservation treatment in 2014. Harvard Art Museums/Straus Center for Conservation and
Technical studies, bequest of David Moore Robinson. (b) Inset of male figure after conservation
treatment in 2014. (c) Inset of male figure showing alteration of the restoration paint (highlighted by
the white arrow) after one year of display.

Desalination was considered during the 2014 treatment of the object but was eventu-
ally deemed an unnecessarily risky treatment as restoration joins were considered stable
and storage in a controlled environment had prevented the formation of any further efflo-
rescence [4]. Instead, treatment of the object focused on aesthetic work. Disfiguring paint
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was removed, restoration fills levelled, and break lines were filled and sealed with acrylic
materials, followed by in-painting. Cadmium orange acrylic paint (Golden Heavy Body
Artist Acrylics in C.P. Cadmium Orange), containing CdSSe, was chosen for in-painting
due to its ability to lighten the darkened, abraded areas of the terracotta. Titan Buff acrylic
paint (Golden Heavy Body Artist Acrylics in Titan Buff), containing titanium white (TiO2),
was added as required to adjust the tone. Full details of the materials used for the treatment
may be found in a separate publication [4].

Cadmium pigments offer a broad range of colors from light yellow to deep red. Cad-
mium yellow is composed of cadmium sulfide (CdS) and the incorporation of Se in increas-
ing amounts changes the color from yellow through orange to red. The alteration of cad-
mium yellow has been reported in paintings by Henri Matisse [5–9], Edvard Munch [9–12],
Vincent Van Gogh [13,14], Pablo Picasso [13,15] and others [13,16–18], all dating from the
late 19th-early 20th century, before the stability of pigment was improved [16]. Alteration
in areas identified as cadmium sulfide presents itself as either lightening or darkening of
the once vibrant pigment.

Researchers have utilized a multitude of analytical tools, and most recently, synchrotron-
based radiation techniques, to probe the degradation of the pigment. The observed alter-
ation has been determined to be the result of degradation of the cadmium sulfide pigment
through a photo-oxidation process. In the initial stages of the process cadmium sulfate is
formed (CdSO4·xH2O) which then converts to cadmium carbonate (CdCO3) and cadmium
oxalate (formed from the breakdown of organic components such as binding media [14],
CdC2O4). The formation of these white compounds contributes to the observed lightening
of the pigment. The formation of cadmium oxide (CdO), a brown compound, has been
associated with darkening [13].

The alteration of cadmium orange (CdSSe) in an artist’s work has not previously
been identified, however, in the field of semiconductor chemistry, the photo-oxidation of
cadmium selenide (CdSe), has been observed. Studies determined that during irradiation
of CdSe in the presence of oxygen, photo-oxidation occurs producing cadmium oxide
(CdO) and selenium dioxide (SeO2) [19,20].

Whilst the degradation of artist materials is not unexpected, in any museum, restora-
tion work performed by conservators is expected to last many decades. Increasing access to
technical analysis within museum communities has made it easier for appropriate materials
to be chosen and those found not to be suitable, such as fugitive colors, can be avoided.
In the unlikely event that restoration materials fail quickly, such as in the case presented
here, unusual circumstances are likely involved. The theory developed that the krater
had received incomplete treatment with hydrochloric acid in the past warranted further
investigation in order to determine if this was the cause of the paint alteration and to
inform how to proceed with re-treatment.

2. Materials and Methods

2.1. Samples from the Krater

Small samples were taken from the krater from areas of restoration with and without
alteration and prepared as cross-sections allowing for the stratigraphy of the layers to be
observed and analyzed by SEM-EDS. Additional small fragments of the paint film from de-
graded areas were collected for analysis by Fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, pyrolysis-Gas Chromatography Mass Spectrometry (pyrolysis-GCMS)
and Scanning Electron Microscopy with Energy-Dispersive X-rays (SEM-EDS).

2.2. Samples of Paint Used for the Conservation Treatment

Paint used for the conservation treatment, Golden Heavy Body Artist Acrylics in C.P.
Cadmium Orange and Titan Buff, were prepared as paint outs on glass microscope slides.
The paint films were analyzed by X-ray Fluorescence (XRF) spectroscopy, FTIR, Raman
and pyrolysis-GCMS.
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2.3. Mock-Ups

Pieces of modern terracotta were acidified by covering with 6N hydrochloric acid
(HCl) and allowed to dry at least overnight before painting. Each piece was painted with
a swatch of cadmium orange and cadmium orange mixed with Titan Buff, mimicking
the mixing of the paint in the conservation treatment. Non-acidified pieces of terracotta
were prepared for direct comparison to the acidified pieces. The mock-up pairs were used
for experiments to recreate the formation of the calclacite efflorescence and to investigate
the role of light in the alteration of the cadmium orange paint layer. A final mock-up
treated with 1N HCl was also produced to compare with the mock-ups treated with 6N
HCl. The mock-ups were sampled as needed for preparation as cross-sections, as well as
analysis by FTIR, pyrolysis-GCMS and SEM-EDS. Raman analysis was performed directly
on the mock-ups.

2.4. Experimental Methods
2.4.1. Cross-Section Preparation

Samples for cross-section analysis were embedded in Bio-Plastic liquid polyester
casting resin (Ward’s Natural Science). Sections were ground to exposure using a Buehler
Handimet 2 roll grinder with Carbimet abrasive paper rolls ranging in grit from 240–600.
Samples were then polished using a Buehler Metaserv 2000 polisher with 6 μm and 1 μm
Buehler MetaDi Monocrystalline Diamond Suspension.

2.4.2. Optical Microscopy

Cross-sections and paint swatches on the mock-ups were observed using a Zeiss Axio
Imager.M2m upright microscope equipped with four objectives (5x, 10x, 20x and 50x)
and a Zeiss Axiocam 512 Color digital camera. Images were captured using the Zeiss
Zen 2.6 (blue edition) software. Visible light conditions utilized a halogen lamp and an
EPI-polarization filter cube. Ultraviolet (UV) conditions utilized a mercury vapor lamp
and a FITC filter cube (excitation BP450-490, beam splitter FT 510 and emission LP515).

2.4.3. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR in transmission mode was performed using a Bruker Vertex 70 infrared bench
spectrometer coupled to a Bruker Hyperion 3000 infrared microscope. Samples were
compressed on to a diamond cell with a stainless-steel roller prior to analysis. Spectra
were recorded between 4000 and 600 cm−1 at 4 cm−1 spectral resolution and 32 scans per
spectrum. The collected spectra were compared to in-house and published databases.

2.4.4. Raman Spectroscopy

Two different systems were used during this study. Analysis of the fresh and degraded
paint films were conducted using a Bruker Optics Senterra dispersive Raman microscope
with an Olympus BX51M microscope. The 633 nm laser was used at 5 mW power with an
integration time of either 5 or 10 and 10 co-additions.

Raman measurements of the dark needle-like structures formed in the altered paints
were conducted on a Horiba XploRA One confocal Raman microscope with an Olympus
LMPLFLN-BD 50x, NA 0.5, long working distance objective and 0.05 mW of 785 nm
excitation light. A 1200 blaze grating was used. The detector was a 1024 × 256 scientific
CCD that was thermoelectrically cooled to −70 ◦C. Two 90 s acquisitions were averaged
together. Horiba’s “Denoiser” smoothing algorithm was applied to the data. A polynomial
baseline was fit to the data and subtracted. Spectra were compared with in-house and
published databases.

2.4.5. Pyrolysis-Gas Chromatography Mass Spectrometry (Pyrolysis-GCMS)

Pyrolysis-GCMS analyses were performed using a CDS pyroprobe 5000 (platinum
coil) interfaced to an Agilent Technologies 7890B GC system coupled with an Agilent
Technologies 5977A MSD. The samples were placed in the center of a quartz tube. Pyrolysis
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was conducted at 600 ◦C for ten seconds. The samples were directed onto the column
(HP-5ms Ultra Inert column, 30 m × 25 μm × 0.25 μm) by helium gas in a 20:1 split ratio.
The GC oven was set with an initial temperature of 40 ◦C for 1 min prior to increasing in
10 ◦C/min intervals to 300 ◦C over a 26 min period then maintained for 20 min for a total
acquisition time of 47 min.

2.4.6. X-ray Fluorescence (XRF) Spectrometry

A Bruker Artax XRF spectrometer with a Silicon Drift Detector (SDD) and a rhodium
anode X-ray tube was used for analysis. The primary X-ray beam is collimated to give a
spot size of 0.65 mm. Spectra were acquired for 100 s live time at 50 kV and 600 μA. A
helium flux was used to increase the detection efficiency for light elements (atomic number
of potassium and lower).

2.4.7. Scanning Electron Microscopy with Energy-Dispersive X-ray Spectrometry
(SEM-EDS)

Two different systems were used during this study. Initial analysis of the cross-
sections was conducted using a JEOL JSM-6460LV SEM with an Oxford Instruments
80 mm2 X-MaxN X-ray spectrometer running the Oxford INCA software. The SEM was
operated in low vacuum mode at a chamber pressure of 35 Pa, with an operating voltage
of 20 kV, beam current circa 1 nA and working distance of 10 mm. The cross-sections were
not coated prior to analysis.

More detailed analysis including mapping of the cross-sections and paint films were
collected using an FEI Helios 660 Dual-Beam SEM/FIB equipped with an EDAX Octane
Plus EDS system, with EDAX TEAM brand acquisition and mapping software. Samples
were prepared for imaging by carbon-coating with a layer of amorphous carbon of between
50–100 nm thickness, for electrical discharge purposes. Images were collected using an
accelerating voltage of 3 kV, beam current of 3.2 nA. EDS maps were acquired with an
accelerating voltage of 15 kV and a beam current of 13 nA.

3. Results and Discussion

3.1. Analysis of Cross-Sections from the Krater

The discoloration of the paint was exclusively observed to occur in areas where the
restoration paint was in contact with abraded areas around break lines in the ceramic.
No alteration was observed when the paint was applied over the acrylic fills from the
2014 treatment. In Figure 2a, the terracotta of the krater is present in a cross-section
prepared from an area where the paint altered, observable as a very uniform substrate
layer. In Figure 2b, a cross-section prepared from an area where the paint did not alter, the
paint is applied to a mixture of restoration materials instead of terracotta. Clearly different
from the original terracotta (Figure 2a), this substrate is consistent with the presence of fill
materials applied during the 2014 treatment and from the earlier, undated treatment.

The paint layer, measuring between 3–5 μm, appears almost completely white in the
altered cross-section with only a few remaining colored particles. The paint layer is difficult
to see in the unaltered cross-section, however with ultraviolet (UV) illumination a distinct
green fluorescence from the paint layer is observable.

Analysis using SEM-EDS (Figure 3) confirmed the presence of chlorine (Cl) in the
altered paint layer and in the terracotta (not shown in Figure 3). No Cl was observed in
any of the layers in cross-sections prepared from the unaltered paint. This observation,
combined with the identification of calclacite from the 2004 efflorescence, suggested that
the alteration may be caused by an interaction between the cadmium orange restoration
paint and residual chloride ions in the terracotta.
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Figure 2. Microscope images of cross-section samples taken from the krater. (a) altered paint sampled
from the male figure (pictured in Figure 1c) in which the restoration paint sits directly on top of the
terracotta surface. (b) unaltered paint sampled from an area in which the paint was not in contact
with the terracotta due to the presence of fill materials. (c,d) represent the same areas depicted in
(a,b) taken with UV illumination (FITC filter cube).

 

Figure 3. (a) Microscope image of cross-section prepared from a sample taken from an area of
alteration on the krater. (b) SEM backscattered electron image of the altered paint film which has
been highlighted in (a) by the red rectangle with EDS maps below showing Cd, S, Ti and Cl channels.

3.2. Characterization of the Fresh Paint

The paint film prepared from Golden Heavy Body Artist Acrylics in C.P. Cadmium
Orange is uniformly orange in color with no obvious inclusions. Elemental analysis by
XRF of the cadmium orange paint confirmed the presence of cadmium (Cd), sulfur (S) and
selenium (Se), consistent with the cadmium orange pigment. Barium (Ba) and zinc (Zn)
were additionally identified in the paint.
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The Raman spectrum of the cadmium orange paint (Figure 4a) contains bands assigned
to the longitudinal optical (LO) phonon and overtone (2LO) of CdS at 296 and 595 cm−1,
respectively. The LO phonon for CdSe is typically observed at around 200 cm−1 but may
shift in wavenumbers based on the pigment composition, and as such may be accounted
for by either or both of the peaks at 192 and 214 cm−1 [21]. The presence of barium sulfate,
identifiable in Figure 4a by the peak at 988 cm−1 representing the symmetric stretching
of the SO4 group, indicates that the paint contains the lithopone version of cadmium
orange [16]. The mineral form of zinc could not be identified from analysis, however,
the identification of lithopone may suggest the presence of zinc sulfide (ZnS) and the UV
fluorescence observed in the paint, discussed below, may be attributed to the presence of
zinc oxide (ZnO).

Figure 4. Raman spectra obtained from (a) fresh C.P. Cadmium Orange acrylic paint (Golden Heavy
Body Artist Acrylics) and (b) fresh Titan Buff acrylic paint (Golden Heavy Body Artist Acrylics).

The cadmium orange paint has the same distinct green UV fluorescence visible in the
cross-section images shown in Figure 2c,d. The fluorescence occurs from very fine particles
distributed evenly throughout the paint matrix. Multiple cadmium orange reference
samples and pure barium sulfate displayed no fluorescence under the same UV conditions.
A reference sample for lithopone contained a scattering of particles which fluoresced pale
yellow, typical of zinc oxide (ZnO). Zinc oxide may be present in lithopone in trace amounts,
and whilst the fluorescence of zinc oxide is not a match for the green fluorescence observed
in the cadmium orange paint film, it is the only pigment identified to have a fluorescence
that may be present. It is speculated that the fluorescence color has altered as a result of
the paint preparation, however, further study is required.

The paint film prepared from Golden Heavy Body Artist Acrylics in Titan Buff is
off-white in color and includes both red and black inclusions. XRF analysis of the paint film
showed the presence of titanium (Ti) and Raman analysis identified the presence of rutile
(titanium dioxide, TiO2), based on the presence of B1g, Eg and A1g Raman active modes
of the of the rutile single crystal at 142, 446 and 610 cm−1, respectively (Figure 4b) [22].
The red and black inclusions were identified as hematite (Fe2O3) and rutile, respectively,
with Raman. The identification of rutile in the black inclusions suggests the use of the
natural form of the mineral in addition to the white synthetic form used for the bulk of the
paint [23].

Importantly, no Cl was identified in either of the paints, supporting the theory that
residual chloride ions in the terracotta are involved in the observed alteration of the paint.
FTIR analysis confirmed the presence of an acrylic binder in both the cadmium orange and
Titan Buff paints, which was identified to contain a combination of methyl methacrylate,
n-butyl acrylate and n-butyl methacrylate by pyrolysis-GCMS.
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3.3. Mock-Up Study

Mock-ups were created to allow for more extensive study of the paint alteration as the
amount of altered material from the krater was limited. The mock-ups were created in pairs
with one terracotta piece acidified using 6N hydrochloric acid and the other without. Each
mock-up was painted with a swatch of the pure cadmium orange paint and a swatch of the
cadmium orange paint mixed with the Titan Buff, mimicking the conservation treatment.

Initial mock-ups were designed to recreate the conditions which are assumed to have
contributed to the formation of the efflorescence observed in 2004. One mock-up pair was
sealed in a bag with a small volume of acetic acid, approximately 2 mL, to recreate the
proposed scenario which caused the formation of the calclacite efflorescence on the krater.
White efflorescence formed on the acidified mock-up after three days. The efflorescence
was sampled, analyzed by FTIR and identified as calclacite (Figure 5). No efflorescence
was observed on the non-acidified mock-up.

Figure 5. FTIR results for efflorescence formed on (a) a mock-up treated with hydrochloric acid and
exposed to acetic acid, compared with (b) the efflorescence that formed on the krater whilst on loan
in 2004 and (c) a reference spectrum for calclacite from the IRUG database.

Next, a series of mock-ups were created to study the effects of both chloride ions and
light on the alteration of the pigment, aiming to investigate whether display conditions
had contributed to the alteration. Mock-up pairs (acidified and non-acidified), were placed
in bright natural light (1 and 2), non-direct light (3 and 4) and in the dark (5 and 6). The
mock-ups in direct light received direct natural light through a window which filters out
the majority of UV radiation. Those placed in indirect light were sheltered from direct
natural light, mimicking the closest scenario to the display conditions of the object. The
mock-ups which received no light were kept in a closed draw.

During the first three months of exposure, mock-ups in direct light received approx-
imately 9 h of natural daylight per day. The amount of light these mock-ups received
during daylight hours varied between 207–2624 footcandles, the equivalent of approx-
imately 2140–28,400 Lux, with the measured UV content of the light varying between
5.7–14.4 mW/Lumen (determined using an ELSEC 765 Environmental Monitor). The
lower values are associated with overcast, cloudy days and the higher values with bright,
sunny days. The amount of light received by the mock-ups in indirect light during the
same time frame remained below 10 footcandles (108 Lux) and UV measurements were
consistently zero.
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The acidified mock-ups in direct and indirect light (mock-ups 2 and 4, respectively)
began to noticeably alter within one month with the cadmium orange darkening to brown
and the cadmium orange/Titan Buff mixture changing to grey, matching the observed
alteration on the krater. The acidified mock-up placed in the dark (mock-up 6) displayed
no visible change after one year and no change was seen on the non-acidified mock-ups at
any light level. Figure 6 shows the mock-ups after one year.

 

Figure 6. Mock-ups created to investigate the alteration of cadmium orange pictured after one year
of exposure to direct light (mock-ups 1 and 2, left), indirect light (mock-ups 3 and 4, center) and
no light (mock-ups 5 and 6, right). The pieces in the top row were not acidified prior to painting.
Each piece of terracotta is painted with a swatch of cadmium orange/Titan Buff on the top half and
cadmium orange on the bottom half.

The mock-ups used for this study were treated with 6N hydrochloric acid to produce
a quick reaction. A mock-up treated with 1N hydrochloric acid was created for comparison
with the more harshly acidified samples. The same alteration was observed on the mock-up
acidified with 1N hydrochloric acid, albeit occurring at a reduced rate in comparison to the
6N counterpart taking at least three months for any noticeable alteration to occur.

3.4. Characterization of the Altered Paint from the Mock-Ups and the Krater

A greyed appearance on terracotta ceramics in-painted with acrylic paints has been
observed before and was attributed to residual solvent retained in the terracotta substrate
migrating to the surface carrying lighter pigments with it [24]. This was considered as a
possibility, however, other terracotta ceramics treated in the same manner as the krater did
not show the same alteration and not all of the mock-ups altered as might be expected if
this was the case. The migration of pigments could also not be confirmed from SEM-EDS
mapping of the paint films in cross-section, with the elements associated with the paint
layers remaining relatively evenly distributed across the paint layer (see Figure 3).

A key observation in the alteration of the paint films on mock-ups 2 and 4 was the
formation of dark needle-like structures which are visible only with high magnification in
both the cadmium orange paint swatch and the cadmium orange/Titan Buff swatch, the
latter shown in Figure 7a. Whilst these needle-like structures formed on both mock-ups,
the formation was more extensive in the mock-up exposed to direct light (mock-up 2),
suggesting that high light exposure acts as a catalyst for formation but is not required. The
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analysis described here is focused on the cadmium orange/Titan Buff altered paint film
on mock-up 4 as it most closely resembles the paint mixture and conditions under which
alteration occurred on the krater.

 

Figure 7. Dark needle-like structures formed in (a) the cadmium orange/Titan Buff paint mixture on
mock-up 4 (exposed to indirect light) and (b) the altered paint layer on the krater. (c,d) represent the
same areas depicted in (a,b) taken with UV illumination (FITC filter cube). White arrows have been
used to highlight some of the larger needle-like structures.

A sample of the altered paint from the krater was revisited and the same dark needle-
like structures were observed (Figure 7b). These structures are a little more difficult to see
in the visible and UV image (Figure 7b and d, with some structures highlighted by white
arrows), due to their small size which is comparable to the dark inclusions present in the
Titan Buff paint.

SEM-EDS imaging of the altered paint from mock-up 4 shows that the majority of
the dark needle-like structures, which are in the order of 1/2 μm long, can be seen just
underneath the surface of the paint film whilst a few protrude slightly from the surface.
SEM-EDS mapping revealed that the structures are rich in Se (Figure 8a). None of the
other elements associated with the pigments (Cd, S and Ti) or Cl appear to be associated
with the structures. Raman spectra collected from the structures have a unique sharp
Raman peak around 234 cm−1 which is a match to a reference spectrum of Se available
through the RRUFFTM project database (R050656, Figure 9) [25]. Comparison with the
literature indicates that this Raman band corresponds to the trigonal, polymeric form of
Se (t-Sen) [26]. Clusters of dark needle-like structures protruding from the paint surface,
similar in size to the Se-rich structures observed in the mock-up paint, were identified in
the altered paint taken from the krater with SEM-EDS mapping again revealing that the
structures are rich in Se (Figure 8b) and the Raman spectrum matches the reference for Se
already discussed (Figure 9).
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Figure 8. (a) SEM backscattered electron image of surface of mock-up 4 with EDS maps showing Se,
Cd, S, Ti and Cl channels. (b) SEM backscattered electron image of paint taken from altered region of
the Krater, showing a branched structure located at the surface with EDS maps showing Se, Cd, S, Ti
and Cl channels.

Figure 9. Raman spectra obtained from (a) a dark needle-like structure from the altered paint taken
from the krater and (b) a dark needle-like structure within the altered cadmium orange/Titan Buff
paint from mock-up 4 compared with (c) a reference spectrum of selenium available through the
RRUFFTM database. The broader peaks visible in spectrum (b) at 446 and 610 cm−1 are associated
with the rutile in the Titan Buff paint in the paint matrix surrounding the needle-like structures.

The FTIR spectrum of the altered paint from both the mock-ups and krater remained
relatively unchanged in comparison to the spectra of the fresh paint. Whilst the formation
of different cadmium compounds (for example CdC2O4, CdCO3) may be identified in
the FTIR spectrum [12,15], the strong signal from the acrylic binder prevented their iden-
tification if present. No apparent degradation of the acrylic binder was observed in the
pyrolysis-GCMS chromatogram.
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Raman spectra of the paint surrounding the Se-rich structures are shown for the
altered paint from the krater, the altered cadmium orange/Titan Buff swatch from mock-
up 4 and the altered cadmium orange swatch from mock-up 2 in Figure 10. The only
recognizable feature from the fresh paint is the presence of rutile in the spectra from the
krater and mock-up 4 (Figure 10a,b, respectively). The peaks associated with the cadmium
orange pigment (shown in Figure 4a, with peak locations shaded in orange in Figure 10)
are absent in all three spectra. Instead, the presence of Se remains visible (highlighted by
the red shaded area in Figure 10) and a new peak has formed in the mock-ups at 251 cm−1,
noted in Figure 10 by the area shaded blue. This peak remains unidentified, seemingly
not associated with any of the previously identified degradation products of cadmium
pigments (CdSO4·xH2O, CdCO3, CdC2O4 or CdO).

Figure 10. Detailed region from 200–700 cm−1 of the Raman spectra obtained from the altered paint
surrounding the Se-rich structures from (a) the krater, (b) the cadmium orange/Titan Buff paint
from mock-up 4 and (c) the cadmium orange paint from mock-up 2. The orange shaded areas
indicate where the peaks associated with the cadmium orange pigment were located in this region
(296 and 595 cm−1, now absent). The red shaded area indicates the peak associated with selenium at
234 cm−1 and the blue shaded area highlights the new peak observed at 251 cm−1. The broad peaks
centered at 446 and 610 cm−1 are associated with rutile from the Titan Buff paint.

4. Conclusions

Using complementary analytical techniques it was determined that the alteration
observed for the restoration paint applied to the krater is the result of degradation of the
cadmium orange (CdSSe) pigment. This conclusion is supported by the identification of
selenium-rich needle-like structures of the trigonal Sen form within the paint film after
alteration occurs, as observed in both the altered paint from the krater and in the mock-ups
created to study the cause of the alteration. Based on the behavior of the restoration paint
on the ancient Greek krater and on the mock-ups, alteration occurs only in areas of acidified
ceramic and in the presence of light. It is hypothesized that the residual chloride ions in the
terracotta, resulting from either burial or incomplete treatment with HCl to remove burial
accretions, and light exposure act as catalysts for the observed alteration. This is consistent
with observations in the literature in which mobile chloride ions have been associated with
promoting the oxidation of cadmium sulfide [12] as well as making the pigment more
sensitive to photo-oxidation [5,27].
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Based on previous research it was anticipated that cadmium would form white
(e.g., CdSO4, CdCO3) or brown (CdO) compounds, however, no cadmium-containing
compounds were identifiable during this preliminary study. This research will hopefully be
extended in the future to fully deduce the cadmium–containing degradation products and
further investigate the role of acidity/pH in the alteration. Together, this will allow for a
better understanding of the full mechanistic process in which the degradation of cadmium
orange occurs.

For the re-treatment of the krater, the altered paint film was removed and non-
cadmium containing pigments (Golden Fluid Acrylics cadmium red and yellow) used
for in-painting after mock-ups determined them to be stable under the conditions tested
during this study [4]. This same treatment will be used in the future for other ceramics
known, or suspected, to have been treated with hydrochloric acid.
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Abstract: Tholu Bommalu are typical leather puppets of the traditional Indian shadow theatre. Two
of these objects are part of a collection in the International Puppets Museum “Antonio Pasqualino”
(Palermo, Sicily, Italy), which can count on one hundred-seventy-three of artifacts. These Indian
puppets were investigated to obtain information related to the use of dyes for their manufacturing
through a multi-technical approach exploiting the combination of highly sensitive spectroscopic
techniques. Wet cotton stubbons were used to entrap small particles of dyes on the fibers from the
art objects for the consequent analyses. Visible Light Micro-Reflectance spectroscopy was employed
for the preliminary identification of the molecular class of dyes directly on the swabs, while Surface
Enhanced Raman Scattering allowed the identification of the specific dye. Several synthetic dyes
belonging to different typologies of coloring compounds were identified. The study resulted in an
interesting overview of dyes used in recent Tholu Bommalata manufacturing through the combination
of micro-invasive techniques directly on the sampling substrate.

Keywords: reflectance spectroscopy; SERS; synthetic dyes; Tholu Bommalata; puppets

1. Introduction

Tholu Bommalata is the traditional shadow theatre of the Telugu Indian states of
Andhra Pradesh, Telangana, and Karnataka. The expression literally means “dance of
leather puppets”, from “atta”, meaning dance, and “Tholu Bommalu”, meaning leather
puppets [1]. According to the literature, the use of these puppets dates back to 200 B.C.
under the dynasty of Satavahana [2]. To realize a shadow theatre, puppeteers press the
dolls behind a backlit screen, so the audience only see dancing shadows [3]. The main areas
of storytelling are the Indian epics of Ramāyana and Mahabarata, and the sacred Hindū texts
Purān. a, even though nowadays, the epics are no longer narrated, replaced by contemporary
themes such as reforestation or family life scenes. Dolls can be moved from anyone, but
only a skillful sutradhar (literally “wire mover”) can give them life. He is the leader of
a familiar-run troupe, where everyone has a specific role: dancer, singer, narrator, and
actor [4]. In all the Indian traditional puppet theatres, Tholu Bommalu are the biggest ones
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(120–180 cm height), and those with the highest mobility have joints along the neck, arms,
and legs [5]. Every puppet is made of leather, the origin of which was not arbitrary: at
the beginning, deer was used to represent Gods, goat for saints or common people, and
buffalo for demons, while today goat skin is the most used. Dolls are charged with an
enormous spiritual value. Indeed, they are made of leather, an impure material for Indians,
and, thus, they need a purification rite to represent sacred characters: several weeks before
the performance, plenty of rituals are made to offer the puppets to Gods. At the end of
each performance, people let them go to the banks of Gange River, as a real funeral [1].
According to sources [3], the first puppeteers used to paint Tholu Bommalu with natural
colors mixed with water, later replaced by synthetic dyes. Today, Tholu Bommalata is a
kind of dying art: fifty years ago, more than 180 troupes were active in 30 different Indian
districts; today there are only 9.

Here, we studied the two Tholu Bommalu (Figure 1), made in 1978 by the Ramana
Murthy theatre, which are part of a 173-artifact collection stored at the International Puppets
Museum “Antonio Pasqualino” in Palermo, Sicily, Italy. They represent Prince Rāma and
Princess Sı̄tā, the main characters of Ramāyana.

Figure 1. Sampling areas from Tholu Bommalu of Rāma (a) and Sı̄tā (b).

The Rāma puppet (Figure 1a), as seventh reincarnation of Visnu, is pictured in profile
and with blue skin: both aspects represent divine characters. It also has almond-shaped
eyes, a big nose, and thin lips; it is entirely decorated with rich jewels that underline his
social status, everything made with pink, red, blue, violet, and black dyes. Both arms and
legs were probably added to the puppet in a second stage, replacing missing parts: they
indeed show different decorations and colors—blue and violet—than the rest of the puppet.

The Princess Sı̄tā puppet (Figure 1b), as a not divine character, is pictured frontally, and
entirely made with black, red, and yellow dyes. As with the other puppet, it has almond-
shaped eyes, a big nose, but thicker lips. She wears a dress full of flower decorations and
rings in her hands and nose. They both wear tilaka on their forehead, a sacred sign, the
mark of God and symbol that purifies the body.

The Sı̄tā and Rāma Tholu Bommalu are made of goat skin, identified by the Globe
Institute of Copenhagen using ZooMS, short for Zoo Archaeology by Mass Spectrometry.
It is a technique that uses the slow evolution of collagen as a molecular barcode to read the
identity of leather or bones. The method uses a well-established approach, peptide mass
fingerprinting, allied to high throughput Time of Flight Mass Spectrometry. Samples are
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identified by differences in the mass of the peptides, which arise as a result of sequence
differences between species [6]. Each part of the body is a separated piece of leather,
one linked to the other by a thin string, observed and identified as cotton by a light
microscope [7]. Between the junctions, there is a little piece of leather that make this part
more resistant in the points of greatest fragility. To be held by suthradar, they are assembled
on a wooden stick, recognized as cane wood by light microscope observation [8]. They
are full of holes of different shapes and sizes marking every decoration line: light can
pass through them during the performance, producing an incredible effect of lights and
shadows. Preparatory drawing is carved on one side of the leather, while both sides are
colored with a translucent effect. There is a similar varnish layer upon the surface on
both the sides: according to the literature [3], it could be neem or coconut oil, used by
puppeteers to preserve dolls from time damages.

As mentioned above, several colors were used to achieve the brilliant shades present in
the puppets. During the conservation study of these objects, it was noticed that the related
colorants were sensitive to water in terms of solubility. Consequently, it was evaluated
that organic dyes could be present and their identification could be very interesting: with
reference to the recent origin of the dolls, synthetic dyes could be used and their characteri-
zation could confirm the transition from natural dyes to synthetic ones in Tholu Bommalata
production. For this aim, a multi-technical approach was dedicated to their identification
and characterization. Visible light Fiber Optic Reflectance Spectroscopy [9–12], coupled
to an optical microscope (micro-FORS), was employed to obtain preliminary information
about the class of dyes: reflectance spectra were acquired directly on stubbons used to
sample to dyes during the conservation treatments. The same samples were then analyzed
with Surface Enhanced Raman Scattering (SERS) [13–18], which is based on the great en-
hancement of the Raman signal of an analyte in close proximity of a metal nanostructured
substrate, allowing it to obtain vibrational spectra that, otherwise, would be affected by a
dramatic fluorescence background. In the last decades, SERS spectroscopy has showed its
great analytical potentiality [19], and it is nowadays increasingly used for the characteriza-
tion of colorants in art objects. Starting from its first application on ancient textiles [20], this
technique has been used for the identification of natural and synthetic dyes in paintings
and dyed objects [13,21,22]. The evolution from simple metal colloids to nanostructured
SERS substrates [23–28] and metal-nanoparticles loaded sampling devices [29–34] provided
several analytical strategies, which were exploited for the detection of both natural and
synthetic dyes [14,16,18,23,35–38]. The main advantage of SERS is highly represented by
high sensitivity, which is in charge for lower detection limit than High Performance Liquid
Chromatography, while the main drawback is the low reproducibility which could derive
from local interaction between the nanostructure and mixtures of analytes through different
functional groups.

Here, the combination of SERS and FORS data allowed to individuate several synthetic
dyes used for the manufacturing of these objects and provided new data for consequent
further analyses.

2. Materials and Methods

2.1. Samples

Two leather puppets from the Tholu Bommalu collection stored at the International
Puppets Museum “Antonio Pasqualino” were studied. Seven samples were collected by
rubbing mildly sterile stubbons on the surface of the puppets, wet with distilled water,
five from Rāma (D816-4, D816-5, D-816-7, D816-9, D816-15) (Figure 1a) and two from Sı̄tā
(D817-2, D817-4) (Figure 1b).

2.2. Visible Light Micro-Reflectance Spectroscopy Analysis

Visible Light Reflectance spectra were acquired through a BWTEK fiber optic spec-
trophotometer Exemplar LS, coupled to a microscope through a fiber optic cable and a
specific adaptor. Sampling stubbons were observed at the microscope in order to individu-
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ate the most colored areas and, under illumination with an external light source (Tungsten
lamp), visible light reflectance spectra were acquired. Three spectra were recorded for
every stubbon (integration time: 4 s; scans: 5; integration step: 1 nm) and an average
spectrum was obtained. For the spectral assignment, first derivative and apparent ab-
sorption (Log(1/R) conversion, where R is the Reflectance) analyses of the spectra were
performed to confirm information deriving from simple reflectance spectrum [9–11,39].
In order to minimize interference of the cotton substrate, spectra of the stubbon were
acquired where no dye particles or spots were present, and after processing, the deriving
apparent absorption spectrum was subtracted, as a blank, from the sample ones. All the
spectra were attributed through comparison to reference materials spectra, literature, and
databases [9–11,40].

2.3. Raman and SERS Analysis

Conventional Raman and SERS experiments were performed with a Horiba Jobin-
Yvon HR-Evolution spectrometer equipped with a microscope and a 632 nm laser. A mo-
torized mapping stage was used for inspecting the sample and collecting the Raman signal
from specific locations on the sample.

For conventional Raman measurements, a preliminary collection of spectra was carried
out. Set conditions for the spectra acquisition were: 100× objective magnification and the
laser intensity varied between 0.15 and 15 mW in order to maximize the Raman signal
and to observe clear features of the investigated compounds. The Ag-reduced colloid was
prepared according to the protocol developed by Leopold and Lendl [41]. Briefly, a solution
of AgNO3 1 × 10−3 M in MilliQ Water was prepared. Separately, the same volumes of
a solution of NH2OH·HCl 6 × 10−2 M and a solution of NaOH 1 × 10−1 M were mixed
together. Ten mL of NH2OH·HCl solution was added to 100 mL of AgNO3 solution under
stirring, with direct formation of a colloid. The colloid was left under stirring for 20 min,
and it was used after its production. Aggregation of the colloid was induced by dropping
20 μL of 0.01 M MgSO4 solution: 200 μL of Ag colloid was inserted in an Eppendorf
tube and 20 μL of 0.01 M MgSO4 solution was added and stirred to induce nanoparticle
aggregation. The aggregated colloid was poured on some colored fibers sampled from
the stubbons, and it was left to dry. SERS spectra were acquired in correspondence of Ag
nanoclusters close to the stubbon fibers or on them. In order to evaluate eventual spectral
interferences deriving from the colloid, spectra of the blank (200 μL of Ag colloid and
20 μL of MgSO4) were also collected in the dried form. Set conditions for the SERS spectra
acquisition were: 50× objective magnification, laser intensity varied between 0.15 and
0.38 mW according to the sample, maximum accumulation time of 5 s per scan, 60 scans
maximum. Generally, six spectra for every typology of analyzed sample were acquired.
For the spectral band assignment and compound identification, experimental spectra were
compared to databases and literature [42–54].

3. Results

3.1. Visible Light Micro-Reflectance Spectroscopy Analysis

Sample D816-4, which derives from a pink-reddish area, presents a characteristic
reflectance spectrum (Figure S1a, Supplementary Materials) where a first weak maximum
is visible at 466 nm, followed by an increase of reflectance starting at 540 nm; the sigmoid
curve presents a marked inflection point at 581 nm, while another one is observable at 690 to
695 nm. A less-defined inflection point should be present at 432 nm, but the individuation
is not easy due to the higher noise at around 400 nm (lower intensity of the lamp emission).
The related apparent absorption spectrum (Figure S1b, Supplementary Materials) presents
a maximum at ~550 nm, with a shoulder at ~510 nm. A lower intensity band is observable
at ~670 nm. The sample D816-9 presents similar features (Figure S2a, Supplementary
Materials): the reflectance is the same in the 400–500 nm range, but it starts increasing
around 510 nm with a complex trend. Indeed, several inflection points are observable,
as highlighted from the first derivative spectrum. In particular, an inflection point is still
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visible at 560–580 nm, while, from the first derivative, the other ones should be present
at 425, 617, and 648 nm, confirming the complexity of the spectrum. In the apparent
absorption spectrum (Figure S2b, Supplementary Materials), there is a variation in intensity
for the bands at 510 and 550 nm: the first one is more intense than the second, while a new
low intensity band is observable ~600 nm. The band at 670 nm is not visible, whereas a
new band is visible at ~690 nm.

In addition, for the sample D816-7 (Figure 2a), corresponding to a green-blue area of
Rāma’s skin, the reflectance spectrum obtained complex results: two weak reflectance max-
ima are observable around 480 and 600 nm, while an increase of reflectance is observable
over 615 nm, with an inflection point at 669 nm. With reference to the derivative spectrum,
another inflection point is present at 651 nm, while less defined ones could be present
at 431 and at 500 to 525 nm (the second results in a very flat maximum in the derivative
spectrum). The corresponding apparent absorption spectrum presents a main maximum at
~643 nm, with a minor flat band around 500 nm (Figure 2b).

Figure 2. (a) Visible light reflectance spectrum obtained for D816-7 sample with the corresponding first derivative (red lines
highlight the inflection points) and (b) related apparent absorption spectrum (background subtracted).

The reflectance spectra obtained for the samples D816-5 and D816-15 do not present
informative features (Figures S3 and S4, Supplementary Materials): the reflectance is very
low, increasing without any evident spectral feature, and the spectral noise is remarkable.
The related first derivative spectra are characterized by continuous oscillations and high
noise, not allowing for a clear identification of the inflection points. The apparent absorption
results in a spectrum where the presence of characteristic signals is not evident. Only a
very low intensity band at around 690 nm is observable after background subtraction, but
it cannot be excluded that the processing could be responsible for the artifacts in this case.
The absence of clear absorption signals could be in agreement with the black color of the
extracted dye.

For the Sı̄tā puppet, the FORS spectrum acquired for the D817-2 sample presents a
first reflectance increase over 410 nm, reaching a maximum at around 470 nm and followed
by a great increase from 525 nm. The reflectance slope decreases over 600 nm, while, in
the first derivative spectra, the inflection points are observable at 424, 570, and 655 nm
(Figure 3a). In the apparent absorption spectrum, a defined band is centered at 530 nm,
with a broadening at around 490 nm, while a low intensity broad band is visible at 680 nm
(Figure 3b).
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Figure 3. (a) Visible light reflectance spectrum obtained for the D817-2 sample with the corresponding first derivative (red
lines highlight the inflection points) and (b) related apparent absorption spectrum (background subtracted).

The D817-4 FORS spectrum presents a more complex behavior: the reflectivity
(Figure S5a, Supplementary Materials) increases over 403 nm, the slope seems to decrease
around 470 nm only to grow again over 480 nm; a second decrease of the slop is observable
at 640 nm, but the reflectivity increases again to over 650 nm. The first derivative spectrum
highlights an inflection point at 440 nm and a second one at 550–560 nm, but the features of
the obtained derivative spectrum are less clear in comparison to the previous case. In the
apparent absorption spectrum, two broad bands at 506 nm (with shoulder ~540 nm) and at
674 nm are observable (Figure S5b, Supplementary Materials).

3.2. Raman and SERS Analysis

Preliminary Raman analyses were performed directly on the samples focusing on
dye spots or particles. However, the fluorescence background did not allow acquiring
meaningful spectra. The collection of spectra at the highest intensity of the laser was
attempted, but this only resulted in degradation of the sample with the formation of
amorphous carbon or in the individuation of signals of the cellulose from the stubbons
(Figure S6, Supplementary Materials).

With respect to the SERS spectra obtained for sample D816-4, it was possible to
distinguish some common characteristic peaks (Figure 4, top). In particular, in most
spectra, two broad bands around 461 and 477 cm−1 are observable, while more defined
peaks appear at 622, 680, and 735 cm−1. At higher wavenumbers, two peaks are observable
at 1004 and 1049 cm−1, and other bands are distinguishable at 1213, 1255, 1301, 1329, 1364,
1436, 1461, 1484, 1509, 1565, 1577, 1582, 1601, 1623, and 1646 cm−1. These signals change in
intensity and width in the different spectra.

All the spectra of the D816-9 sample (Figure S7, Supplementary Materials) present
peaks at 452 (shoulder), 479, 680, 1002, 1049, 1207, 1447, 1485, 1578, and 1623 cm−1. It is
interesting to notice that several bands observed for the D816-9 sample are also present in
the spectra of the D816-4 sample.

In the case of sample D816-7, instead, the acquired spectra (Figure 5, top) present high
reproducibility: there are peaks at 436, 457, 479, 530, 620, 644, 677, 693, 732, 761, 804, 827,
and 918 cm−1, and defined signals at around 1030, 1176, 1221, 1298, 1364, 1399, 1429, 1476
(shoulder), 1530, 1586, and 1621 cm−1 are clearly observable. In two spectra, further sharp
bands are distinguishable at 546, 601, 1488, and 1576 cm−1.
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Figure 4. Comparison of SERS spectra obtained for the D816-4 (top) and D817-2 (bottom) samples.
Some peak wavenumbers are evidenced for clarity. The spectrum of sample D817-2 presents a clear
correspondence with Rhodamine B SERS spectrum [50] (literature spectrum not reported in the image).

Figure 5. Comparison of SERS spectra obtained for the D816-7 (top) and D817-4 (bottom) samples.
Some peak wavenumbers are evidenced for clarity. The spectra of samples presents a clear corre-
spondence with the SERS spectra of Malachite Green [44,46] (D816-7) and Crystal Violet [44,46,54]
(present in both the samples, see Discussion; literature spectra not reported in the image).
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The SERS spectra obtained for D816-5 sample present a good reproducibility, even if
their relative intensities can change in the different spectra. In most of them, peaks at 479,
656, 691, 733, 1139, 1225, 1300, 1340, 1443, 1458, 1585, and 1628 cm−1 are present. In some
spectra, further peaks can be identified: one spectrum presents bands at 434, 518, 570, 716,
810, 1001, 1207, and 1315 cm−1, which result generally sharper than the above-mentioned
ones (Figure 6, top), while in another spectrum, intense signals at 798, 1404, and 1539 cm−1

are observable. For the D816-15 sample, the spectra (Figure 6, bottom) present a general
reproducibility, even if, also in this case, change in relative intensities are observed; the
main spectral features are at 422, 440, 479, 519, 562, 593, 679, 717, 813, 857, 914, 1003, 1033,
1047, 1130, 1183, 1209, 1252, 1323, 1335, 1445, 1458 (shoulder), 1531, 1586, and 1627 cm−1.
Some similarities with the spectra of sample D816-5 are evident.

Figure 6. Comparison of SERS spectra obtained for the D816-5 (top) and D816-15 (bottom) samples.

About the samples from Sı̄tā puppet, the SERS spectra acquired show a great repro-
ducibility. For the D817-2 sample, all the spectra present distinguishable peaks at 589, 622,
634 (shoulder), 661, 726, 737, 768, 1050, 1129, 1185 (shoulder), 1197, 1279, 1345 (shoulder),
1362, 1437, 1471, 1510, 1530, 1578, 1598, and 1649 cm−1 (Figure 4, bottom). The SERS spectra
of the D817-4 sample (Figure 5, bottom), instead, present reproducible bands at 423, 443,
530, 570, 622, 636, 665, 732, 745 (shoulder), 760, 802, 834 (shoulder), 914, 944, 977, 1124, 1181,
1217, 1298, 1345 (shoulder), 1376, 1444, 1473, 1524, 1533, 1565, 1589, and 1621 cm−1. The
general pattern of this spectra presents high similarity with the spectra obtained for the
D816-7 sample.

4. Discussion

The main results obtained from data analysis are recapped in Table 1. From the FORS
and SERS results, different typologies of synthetic dyes were undoubtedly used for the pup-
pets’ manufacturing. In some cases, the identification of the present dyes is straightforward:
for the D817-2 sample, the apparent absorption shoulder at 490 nm and the maximum
at 530 nm are attributable to a xanthene pink dye [11,40]. Among the several colorants
belonging to this family, which includes Eosin, Rhodamine, and Phloxine, the SERS spec-
trum (Figure 5, bottom) allows a clear identification of Rhodamine-based dyes [42,49,50].
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Moreover, among the two main dyes of this typology (Rhodamine B and Rhodamine 6G),
the acquired spectra present higher similarities with the Rhodamine B spectra reported
in the literature [50]. Analogously, the maximum at 640 nm observable in the apparent
absorption spectra of the D816-7 sample suggests the presence of a triphenylmethane dye,
such as Malachite Green and Patent Blue V [11]. The SERS spectra obtained for this sample
confirm these preliminary data, because both their general patterns and the Raman bands
are characteristic of this family of dyes. However, it is difficult to identify the specific
dye: the experimental spectra, indeed, show great similarities with both Crystal Violet and
Malachite Green dyes, both belonging to the same class [44]. In addition, Crystal Violet’s
SERS spectrum is very similar to the Methyl Violet one; these three dyes should be thus
considered for the attribution [54,55]. With reference to the acquired spectra (Figure 6,
top), some bands (732, 760 cm−1) suggest the presence of Crystal Violet, while others
(1176, 1221, 1364, 1399 cm−1) suggest the presence of Malachite Green. Taking into account
the FORS spectra, a possible hypothesis consists in the identification of Malachite Green
as the principal dye, with minor amounts of Crystal Violet (which, although in a minor
quantity, is reported to be more easily detectable through SERS spectroscopy in comparison
to Malachite Green) [44].

Table 1. Assignment of the dyes for the different samples, with reference to their appearance and their spectral features.

Sample
Color of the

Sampled Area

Appearance of
Sample on the

Stubbon

Apparent
Absorption Bands

(nm)
SERS Peaks (cm−1) Dye Assignment

D816-4 Pinkish red Red stain 501, 550

622, 680, 735, 1364, 1436, 1509,
1565, 1582, 1601, 1646

(Rhodamine B); 637, 714, 1329,
1452, 1577, 1623 (Eosin Y)

Rhodamine B,
Eosin Y

D816-5 Black Black spot No main feature See Discussion Mixture of dyes (?)

D816-7 Blue-green Black-greenish
particles 640

1221, 1364, 1399, 1429
(Malachite Green); 732, 761,

1476, 1530 (Crystal or Methyl
Violet); further intense peaks
are present but common to

both the dyes (see Discussion)

Malachite Green,
Crystal (or Methyl)

Violet

D816-9 Pinkish red Red stain 510, 550 479, 1184, 1623 Eosin Y (?)

D816-15 Black Black spot No main feature See Discussion Mixture of dyes (?)

D817-2 Red Red stain 490 (shoulder), 530
622, 768, 1129, 1185 1197, 1279,

1345, 1362, 1437, 1510, 1530,
1578, 1598, 1649

Rhodamine B

D817-4
Yellow with

black
decorations

Pale orange with
some black

particles

506, 540
(Mono-azo dye)

423, 443, 530, 570, 732, 760,
802, 914, 944, 1181, 1298, 1376,

1444, 1473, 1533, 1589, 1621
(Crystal or Methyl Violet)

Mono-azo dye (?),
Crystel (or Mehyl)

Violet

The presence of a triarylmethane dye is also suggested for the D817-4 sample, but, in
this case, the identification of the molecule is clear: the SERS spectrum (Figure 5, bottom)
presents a fulfilling matching with the SERS spectrum of Crystal Violet (or Methyl Violet),
and there is no ambiguity with other compounds of the same class (e.g., fuchsine based
dyes) [42,54], whose characteristic peaks are not evident in the spectra. Nevertheless, there
is an actual contradiction with the FORS results: the main apparent absorption band of
Crystal Violet should be at 594 nm, but it is not visible in the experimental spectrum.
According to the literature, the main matching of the apparent absorption spectrum bands
at 506 and 540 nm occurs with the spectra of orange mono-azo dyes, for instance, Lithol Fast
Scarlet RNP or Orange II [11]. A possible hypothesis to explain this unusual behavior could
be formulated with reference to the sampling area. The stubbon was used to sample the
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dye from a part of the puppet with an orange-yellow background, and this is in agreement
with the bands observed in the FORS spectra. However, this area is decorated with a dark
motif. Considering the high SERS detectability of Crystal and Methyl Violet, the minor
amount of this dye present in the decoration represents the molecules effectively detected
with this technique, while the orange dye (likely a mono-azo) could be not visible for a
lower affinity to the silver nanoparticles or for the lower Raman cross-section.

For the remaining samples, the identification of the present dyes is less easy, but some
hypotheses can be formulated. The FORS spectra obtained for the D816-4 sample suggest
the presence of a xanthene dye: in particular, the apparent absorption bands at 501 and 550
nm present a good matching with the Visible Light absorption of Rhodamine B. Moreover,
one of the SERS spectra (Figure 4, top) presents some peaks at 622, 735, 1051, 1364, 1510,
and 1645 cm−1 (observable also in the spectrum of D817-2, with eventual reduced shifts
in wavenumbers), which can confirm the presence of this colorant [50]. Other bands at
637, 714, 1329, 1452, 1577, and 1623 cm−1 could be indicative of Eosin Y [14,43,47,48].
For the D816-9 sample, even if some signals confirm the presence of Eosin Y (479, 1184,
1623 cm−1), the lower quality of the SERS spectra, along with the change in intensity in the
apparent absorption spectra, does not allow for inferring any plausible hypothesis on the
composition of the area. However, two samples derived from close areas of the same color
and, thus, a similar composition is expected.

The two last samples, D816-5 and D816-15, represent the most complex ones for the
interpretation. The FORS spectra are not really informative because of the low and noisy
reflectivity spectra and consequent artifacts in the apparent absorption spectra. However,
the SERS spectra (Figure 6) present several affinities, thus allowing to hypothesize a similar
composition. With reference to the literature, it is hard to individuate a dye whose reported
spectrum completely matches the experimental ones. Moreover, the variation in intensity of
some peaks in different spectra suggests that several dyes could be present in mixture. For
instance, peaks at 658, 1003, 1030, 1130, 1183, 1209, 1585, and 1627 cm−1 could be indicative
of the presence of Sudan Black B [51,52], even if the relative intensity of bands does not
match the literature spectrum of this dye [51,52]. On the other side, peaks observable
in some spectra at 570, 733, 1323, 1443, and 1585 cm−1 could be indicative of the use of
carminic acid dye [15,53], even if some characteristic signals are missing. Moreover, if
Sudan Black B could represent the main colorant of the sampled black area, the carminic
acid could not explain its color. In order to verify and confirm these hypotheses, a separative
analytical technique should be used to discriminate the different colorants (for instance,
High Performance Liquid Chromatography coupled to Photo-Diode-Array HPLC or High
Resolution Mass Spectrometry).

From the analytical point of view, the combination of two laboratory spectroscopic
techniques resulted useful for the identification of the present dyes. However, even if
the micro-FORS provided preliminary hints, we remark that the acquisition of spectra
on sampling stubbons resulted critical. If the acquired spectra resulted highly significant
for the identification in some samples (e.g., D816-7, D817-2), the individuation of marker
bands was not easy for other ones, especially if the concentration of the sampled dye was
not high and the interference from the background—likely due to the fibrous stubbon
matrix—was remarkable. For instance, in the case of the D816-5 and D816-15 samples,
no main spectral feature is clearly observable. Nonetheless, the general performances
obtained for the micro-FORS approach applied to the sampling stubbons suggest that an
on-site FORS analysis would have provided remarkable results: the higher concentration
of dyes on the objects and the absence of background interference from the stubbon would
represent improvement factors for the acquisition of informative Vis-Light reflectance
spectra. In this study, it was not possible to acquire FORS spectra in situ, however, its
application presents a high potential not only for its non-invasiveness but also for the
quality of obtained data. On the other side, the stubbon sampling was fundamental for
the vibrational spectra collection. Indeed, the acquisition of on-site Raman spectra would
likely not be useful for similar matrices. The portable Raman spectrometers are, in general,
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less performative than benchtop instruments, especially when highly fluorescent analytes
are present, as in this case. Moreover, as highlighted by the preliminary measurement, the
conventional Raman spectra resulted not useful for the identification of the synthetic dyes,
and the micro-invasive addition of SERS colloid was fundamental in obtaining high quality
vibrational spectra. Even in the case of samples containing Malachite Green and Crystal
Violet, whose standard Raman spectra are reported in the literature, it was not possible to
detect any clear spectral feature attributable to the dye. Probably, the high fluorescence
of these dyes could be increased by the presence of degradation products and impurities
from the art object. Moreover, focusing directly on the dye particles on the stubbons was
more difficult in comparison to focusing on Ag nanoclusters close to them, because the
fibers are more susceptible to move under the lens, with consequent loss of focus. Actually,
for similar historical objects where the presence of synthetic dyes is highly probable due
to the manufacturing period, a sampling could be necessary, but the high sensitivity of
SERS spectroscopy allows for minimizing the number of sampled analytes (or the amount
of analyzed sample). In order to maximize the results achievable through an integrated
spectroscopic approach, the utilized protocol, enriched by a preliminary on-site FORS
analysis, is suggested for similar matrices with synthetic dyes to address the following
chromatographic analyses and when it is not possible to sample fragments for the analysis
with low sensitivity methodologies.

5. Conclusions

In this study, a whole spectroscopic approach involving FORS and SERS spectroscopies
was employed in order to identify different synthetic dyes used for the manufacturing
of Tholu Bommalu leather puppets from the 1970s. The two techniques were directly
applied on sampling stubbons, used for the extraction of the dyes from the objects of
interest. This approach resulted successful for the identification of coloring molecules in
some parts of the puppets: indeed, the data separately obtained from the two techniques
reciprocally confirmed the attributions (Malachite Green and Crystal/Methyl Violet for
the D816-7 sample, Rhodamine B for D817-2). In other cases (D816-4, D817-4) the use of
SERS after FORS analyses provided further data and allowed to draw a richer picture
on the composition of the materials: for the D816-4 sample, Rhodamine B was found in
probable mixture with Eosin Y, while for the D817-4 sample, a combination of an azo dye
for the yellow part and Crystal/Methyl Violet for the dark decorations was hypothesized.
Finally, in the case of some areas (the D816-5, D816-9, and D816-15 samples), the analyses
provided preliminary hypotheses about the colorants, which are likely present in mixture.
The achieved results are of paramount importance in the perspective of selecting the proper
methodology for a consequent separative analysis, which could confirm the results obtained
from the spectroscopic approach and solve the doubts regarding the whole composition of
complex mixtures of dyes. Moreover, the reported experiments confirmed the transition
from natural dyes to synthetic ones in the manufacturing of Tholu Bommalu puppets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030101/s1, Figure S1: (a) Visible light reflectance spectrum obtained for the sample
D816-4 with the corresponding first derivative (red lines highlight the inflection points) and (b)
related apparent absorption spectrum (background subtracted); Figure S2: (a) Visible light reflectance
spectrum obtained for the sample D816-4 with the corresponding first derivative (red lines high-
light the inflection points) and (b) related apparent absorption spectrum (background subtracted);
Figure S3: (a) Visible light reflectance spectrum obtained for the sample D816-5 with the correspond-
ing first derivative (red lines highlight the inflection points) and (b) related apparent absorption
spectrum (background subtracted); Figure S4: (a) Visible light reflectance spectrum obtained for the
sample D816-15 with the corresponding first derivative (red lines highlight the inflection points)
and (b) related apparent absorption spectrum (background subtracted); Figure S5: (a) Visible light
reflectance spectrum obtained for the sample D817-4 with the corresponding first derivative (red lines
highlight the inflection points) and (b) related apparent absorption spectrum (background subtracted);
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Figure S6: Conventional Raman spectra obtained for the samples in the range 350–1050 cm−1 (top)
and in the range 1050-1750 cm−1 (bottom); Figure S7: SERS spectrum obtained for D816-9 sample.
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Abstract: The fugitive nature of the colorants obtained from sappanwood (Caesalpinia sappan L.)
or the South American species commonly known as ‘brazilwoods’ (including other Caesalpinia
species and Paubrasilia echinata (Lam.)) makes the identification of brazilwood dyes and pigments
in historic artefacts analytically challenging. This difficulty has been somewhat alleviated recently
by the recognition and structural elucidation of a relatively stable marker component found in
certain brazilwood dyes and pigments—the benzochromenone metabolite urolithin C. This new
understanding creates an ideal opportunity to explore the possibilities for urolithin C’s localization
and identification in historical artefacts using a variety of analytical approaches. Specifically, in this
work, micro-destructive surface-enhanced Raman spectroscopic methods following a one-sample
two-step (direct application of the colloid and then subsequent exposure of the same sample to
HF before reapplication of the colloid) approach are utilized for the examination of four historical
brazilwood dyed textiles with the results confirmed via HPLC-DAD analysis. It is shown that
characterization of reference urolithin C is possible, and diagnostic features of this molecule can also
be traced in faded historical linen, silk and wool textiles, even in the presence of minor quantities of
flavonoid, indigoid and tannin components. The exploitation of the same micro-sample through a
series of SERS analyses affords a fuller potential for confirming the characterization of this species.

Keywords: urolithin C; brazilein; brazilwood marker component; historical textile

1. Introduction

Brazilwood dyestuffs and pigments are derived from a number of closely related and
often historically confused species of trees of the Leguminosae family. Heartwood from
the so-called ‘soluble redwoods’, sappanwood (Caesalpinia sappan L.) from Southeast Asia
and several South American species commonly called brazilwoods (including Caesalpinia
brasiliensis L. and Paubrasilia echinata (Lam.)), contain brazilin, the main colorant in brazil-
wood dyes. Brazilin (Figure 1a) is a tetracyclic homoisoflavonoid which converts to a more
deeply red colored molecule, brazilein, through autoxidation of a hydroxyl group into a
carbonyl group (Figure 1b). Other phenolic components isolated from brazilwood include
xanthone, coumarin and various chalcones, flavones and other homoisoflavonoids [1].

The fugitive nature of brazilwood has been documented since the Middle Ages, and
its use as both a dyestuff and a pigment has been regulated or proscribed as a result,
particularly for use as a sole colorant [2]. It was, however, less expensive than other
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natural red dyestuffs and gave an attractive color when fresh, so found great use as a
textile dye, an organic lake pigment in manuscripts (where light exposure was less of
an issue) and in paintings. Evidence of the use of brazilwood-derived lake pigments
has been found in paintings by a diverse range of artists, from Raphael to Rembrandt
and Van Gogh [3–5]. For textiles, the dyestuff was generally extracted in neutral or basic
aqueous solutions to which the mordanted textile was added. To prepare brazilwood
lake pigments, various recipes are known. In some, the dyestuff is extracted from the raw
material under alkaline conditions, then added with alum to precipitate the pigment from
the solution. Alternatively, the dyestuff could be extracted in a slightly acidic solution (e.g.,
alum solution) and the pigment precipitated on addition of an alkaline solution or of a
source of calcium carbonate or sulphate [1,6,7].

The analytical examination of brazilwood’s main colorants is generally straight-
forward for the characterization of unaltered homoisoflavonoid constituents by non-
destructive FT-Raman and Infrared spectroscopies as well as micro-destructive chromato-
graphic methods alike [8–10]. However, accurately identifying aged and faded brazilwood-
based dyes and pigments in historic artworks is challenging. Brazilwood’s renowned lack
of permanence has limited the identification of severely faded brazilwood in artefacts,
in the heritage science domain, to only the most sensitive and specific micro-destructive
techniques, such as HPLC with spectrophotometric or mass spectrometric detection [11].
Such studies have indicated the presence of a minor non-dyestuff component that appears
to be a brazilwood marker, highlighted by Nowik [10]. This marker component has been
recently identified as 3,8,9-trihydroxy-6H-benzo[c]chromen-6-one, urolithin C (Figure 1c),
and unequivocally linked to brazilwood by Peggie et al. [12].

 

Figure 1. Molecular structures of (a) brazilin, (b) brazilein and (c) marker component urolithin C.

Urolithin C had initially been thought to be a degradation product of brazilein, yet
its natural and unquantified presence in the heartwood has been highlighted, suggesting
its unrelated presence [13]. Furthermore, observations by Peggie et al. have established
a link between an alkaline extraction method and the increased presence of urolithin C
in brazilwood dyes and lake pigments. Tamburini has subsequently noted that a sample
dyed with sappanwood at alkaline pH showed a higher relative abundance of urolithin C
than in a sample dyed at neutral pH, but also highlighted therein a much lower abundance
of protosappanins [14]. Such deductions may provide information as to the origins of
urolithin C within these dyes and pigments. In nature, tannin constituents play a major
role in the formation of the urolithin metabolite. Studies have observed that in animal guts
microbia can metabolize ellagitannin and ellagic acid into dibenzopyran-6-one derivatives
with different hydroxyl substitutions, through the loss of one of the two lactones present
in ellagic acid (lactonase/decarboxylase) followed by subsequent removal of hydroxyls
through dehydroxylase activity [15,16]. In the context of the study of historical textiles and
pigments, what is of particular interest is that urolithin C appears to be relatively stable,
and still persists in degraded samples of brazilwood dyes or pigments even when other
colorant components have been lost [13]. This provides an ideal opportunity for further
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analytical methods to be examined to assess their suitability in determining the presence of
urolithin C.

Surface-enhanced Raman spectroscopy (SERS) is an ideal candidate for such studies,
and is being increasingly adopted for the investigation of natural and synthetic organic
dyes (and pigments derived from such colorants) associated with historical artefacts by
combining Raman spectroscopy’s fingerprinting ability with plasmonic-enabled enhanced
sensitivity. The SERS effect is due to a combination of an electromagnetic (EM) enhancement
associated with plasmon excitation in metal particles and a chemical (CHEM) enhancement
associated with the transfer of electrons from the analyte molecule to/from the metal
particles in both ground and excited states, often forming a metal−molecule bond. The
application of SERS techniques has expanded in key application areas of heritage science
in the last twenty years [17] and is nowadays competitive in terms of sample requirements
to HPLC for ultra-sensitive and selective constituent identifications with current in situ
potential. The construction of in-house databases and optimized analytical protocols help
to improve the reproducibility of measurements for the characterization of the low quanti-
ties and/or unknown components that are typically encountered in the analysis of historic
samples. Although still a micro-destructive and qualitative technique when used for the
analysis of real, historical samples, the versatility of SERS methodologies can allow a single
sample to be used in a series of sequential analyses. First, a single micro-sample can be
mixed with an activated colloidal solution and investigated as such. Following drying of
this same sample, it can undergo suitable acid-based pre-treatments such as treatment with
nitric acid or controlled exposure to hydrofluoric acid vapors before examination [18]. SERS
screening methods are therefore potentially of great value for the investigation of naturally
aged artefacts suspected of containing low concentrations of brazilwood dyestuffs and
pigments which are of historical relevance and which necessitate less destructive investi-
gations or even in situ analyses when sampling is prohibited, or where chromatographic
methods are unavailable. The use of conventional SERS methodologies is most likely to
be successful in cases where the brazilwood colorant is potentially present in the most
superficial layer. The use of this technique when analyzing paint samples is, however,
much more complicated, as high degrees of heterogeneity can be expected, given that the
brazilwood is present as a lake pigment that may have been mixed with other pigments.
The embedding of such samples in resins or other materials as cross-sections further adds
to the complexity. The use of SERS methodologies thus seems most viable, at this stage, as
a first approach, to use during the examination of textiles dyed with brazilwood, even in a
faded condition.

In this work a reference sample of urolithin C was examined by classical Raman and
colloidal SERS to understand whether characteristic features of the relatively persistent
urolithin C marker component can be successfully distinguished. Based on the results of
this study and additional work on reference samples, colloidal SERS was used to examine
four historical textiles (with pre-treatments as necessary). Samples of the four textiles had
been previously analyzed by HPLC-DAD during restoration campaigns (data included
in the restoration documentation stored by the corresponding institutions) and were all
known to contain urolithin C together with varying proportions of surviving brazilwood
colorant components, other dyestuffs and a range of other molecules typical of historical
dyed textile samples.

2. Materials and Methods

Urolithin C was purchased from Dalton Research Molecules, 349 Wildcat Road,
Toronto, Ontario, M3J 2S#11, Canada, purity greater than 95% by HPLC, and used as
such. Brazilin was purchased from ICN Biomedical Inc. Cat #205613. The powdered
brazilwood lake reference was prepared at the National Gallery in 2003 from Sappan
Lignum (Caesalpinia sappan), no further details of the recipe are available. Details of the
four historical textile samples, two from tonacelles (ecclesiastical garments) and two from
tapestries examined, are given in Table 1.
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Samples S#11 and S#5 belong to the series of the Valois Tapestries, woven in Brussels in
the sixteenth century and belonging to the Gallerie degli Uffizi, Florence, directed by Eike
Schmidt. The series consists of eight sixteenth-century tapestries, representing Catherine
de Medici and her family observing courtly festivities, collectively known as The Valois
Tapestries [19]. The samples were collected during the restoration performed by Restauro
Tessile di Bayer e Perrone da Zara, Florence, Italy, directed by Alessandra Griffo (Gallerie
degli Uffizi) and funded by the Friends of the Uffizi, chaired by Maria Vittoria Colonna
Rimbotti, with the contribution of Mrs. Veronica Atkins. Samples S#27 and S#9 are part
of a collection of eighteenth-century Italian ecclesiastical garments belonging to a public
authority, which was subjected to a restoration campaign in 2011–2012 during which the
private company ‘Giordano Passarella’ was appointed, who performed the sampling.

Table 1. Outline of samples investigated in this work.

Sample Abbreviation Provenance Description

S#5
Valois Tapestries, Fontainebleau, c. 1576, based on a design
by Antoine Caron, woven under the direction of Master

MPG, Brussels (Gallerie degli Uffizi, Florence)
Brown wool

S#11
Valois Tapestries, Whale, c. 1576, based on a design by

Antoine Caron, woven under the direction of Master MPG,
Brussels (Gallerie degli Uffizi, Florence)

Pale orange silk core fiber of a golden
metal thread

S#27 Ecclesiastical garment Red–brown linen tunic support
S#9 Ecclesiastical garment Orange–brown silk chenille

2.1. High Performance Liquid Chromatography (HPLC-DAD/HPLC-ESI-Q-ToF-MS)

For HPLC-DAD analyses, a HPLC system 2089 quaternary gradient with a diode array
spectrophotometric detector MD-2010 was used, equipped with an AS-950 autosampler
(Jasco International Co., Tokyo, Japan). Injection volume was 20 μL. ChromNav software
was used to carry out data acquisition and data analysis. The chromatographic separation
was performed on an analytical reversed-phase column TC-C18 (2) (250 × 4.6 mm, 5 μm
for samples S#27 and S#9 and 150 × 4.6 mm, 5 μm for samples S#11 and S#5) with a TC-C18
(2) pre-column (12.5 × 4.6 mm, 5 μm), both from Agilent Technologies (Palo Alto, Santa
Clara, CA, USA). The eluents were A, trifluoroacetic acid (TFA 0.1% v/v) in bidistilled
water, and B, trifluoroacetic acid (TFA 0.1% v/v) in HPLC-grade acetonitrile. The flow rate
was 1.0 mL/min and the program was 15% B for 5 min, then to 50% B in 25 min, then to
70% B in 10 min, to 100% B in 1 min and then hold for 5 min; re-equilibration took 13 min.
The separation took place at room temperature (25 ◦C). The detector operated with spectra
acquisition in the range of 200–650 nm every 0.8 s with 4 nm resolution.

For HPLC-ESI-Q-ToF analyses, a HPLC 1200 Infinity coupled to a Jet Stream ESI-Q-ToF
6530 Infinity detector was used, equipped with an Agilent Infinity autosampler (Agilent
Technologies, Palo Alto, Santa Clara, CA, USA). Injection volume was 4 μL for S#27 and
10 μL for S#9 and S#5. MassHunter® Workstation Software (B.04.00) was used to carry
out mass spectrometer control, data acquisition and data analysis. The chromatographic
separation was performed on an analytical reversed-phase column Poroshell 120 EC-C18
column (3.0 mm × 75 mm, 2.7 μm particle size) with a Zorbax Eclipse plus C-18 guard
column (4.6 mm × 12.5 mm, 5 μm particle size), both from Agilent Technologies (Palo
Alto, Santa Clara, CA, USA). The eluents were A, formic acid (FA 1% v/v) in LC-MS-grade
water, and B, formic acid (FA 1% v/v) in LC-MS-grade acetonitrile. The flow rate was
0.4 mL/min and the program was 15% B for 2.6 min, then to 50% B in 13 min, to 70% B in
5.2 min, to 100% B in 0.5 min and then hold for 1 min; re-equilibration took 10 min. During
the separation, the column was thermostated at 30 ◦C. The mass spectrometer operated
in ESI ionization in negative mode and the working conditions were: drying gas (N2,
purity > 98%) temperature 350 ◦C and 10 L/min flow; capillary voltage 4.5 KV; nebulizer
gas pressure 35 psig; sheath gas temperature 375 ◦C and 11 L/min flow; and fragmentor
voltage 175 V. High-resolution MS and MS/MS spectra (CID voltage 30 V) were acquired
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in negative mode in the range 100–1000 m/z at a scan rate of 1.04 spectra/sec (N2, purity
99.999%). Auto-calibration was performed daily using Agilent tuning mix HP0321 (Agilent
Technologies) prepared in acetonitrile.

All samples were treated with 200 μL of 0.1% Na2EDTAaq/DMF (1:1, v/v) and
extracted at 60 ◦C for 60 min in an ultrasonic bath; the extract was filtered on PTFE
(0.45 μm) prior to injection.

2.2. Surface-Enhanced Raman Spectroscopy

SERS measurements were carried out utilizing modified Lee and Meisel citrate-
reduced silver colloids by the reduction of silver nitrate (Aldrich silver nitrate 99.9%)
with sodium citrate (Aldrich sodium citrate dehydrate 99%) [20]. The colloid has a char-
acteristic absorption maximum at 426 nm and FWHM of 110 nm, as measured with a
Hewlett Packard 8453 photodiode array UV–Vis spectrometer (following a 1:9 dilution
with ultrapure water to observe maximum absorbance within the instrumental range).
SERS measurements were firstly carried out by adding a 5 μL drop of colloid aggregated
with magnesium sulphate directly onto micro-samples. On drying, the same micro-samples
were subsequently exposed to hydrofluoric acid vapors for 5 min in a closed Eppendorf,
then dried and examined again with a 5 μL drop of aggregated colloid [18]. Spectra were
recorded using a laboratory Jasco NRS#3100 spectrophotometer with an argon laser emit-
ting at 514 nm (grating 1200 lines/mm), and spectra could be obtained between 2 and
10 min after addition of the colloid and remained constant in quality until the evaporation
of the liquid. Data were collected over the range 150–1800 cm−1 with exposure times from
1–7 s and 3–10 accumulations. Laser power was maintained between 0.6 and 2 mW with
an overall spectral resolution of ~4 cm−1. Polystyrene was used for instrument calibration.
Raw data are shown, free from any manipulation other than being overlaid in graphs for
reasons of clarity.

3. Results and Discussion

3.1. Brazilin Reference and Brazilwood Pigment

SERS spectra could be readily obtained from the brazilin reference sample, the main
constituent in brazilwood dye sources, utilizing the conventional colloidal SERS approach
at pH quasi neutral (Figure 2i) and reported in Table 2. In order to obtain a higher quality
SERS spectrum from a reference sample of a brazilwood lake pigment, it was instead
necessary to routinely pre-treat the sample with HF acid vapors to liberate the main dye
constituent from its inorganic substrate, an action that allows for a greater adsorption of
dye molecules onto the SERS active substrate (Figure 2ii). On comparison of these spectra,
and on account of the differing SERS experimental procedures, spectral behaviors such
as frequency shifts and peak intensity fluctuations can be noticed. Such behavior is due
to the varied chemisorption of the dye/hydrolyzed components on the silver colloidal
surfaces on formation of a complex. This can lead to a modification of the polarizability and
vibrational modes and may also enable charge transfer to occur. The change in intensity
of bands in the SERS spectra can be attributed to the relative orientation of the analyte
with respect to the silver. A broad background remains observable in both spectra due to
residual intrinsic fluorescence, impurities or the SERS continuum of undefined physical
origin [21].
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Table 2. Bands observed in the Raman and SERS spectra (in cm−1, excited at 532 nm) and tentative band assignments.
Marker bands for the recognition of each material are given in bold.

Brazilin Reference
Brazilwood Lake

Pigment
Urolithin C Urolithin C

Tentative Assignments
[9,20,22–24]

SERS SERS on Hydrolysis SERS Raman
1619 1616 ν (C=C) + ν(C = O)

1562 1564
1589
1569 ν(C=C) + δ(OH)

1530 1530 ν(C=C) and νas(O-C-O)
1515 1500
1497
1429 ν (C=C) + δ(ring) + δ(COH)

1395 ν(C-C) and δ(HCC)
1377 C=C(=O)=C=C

1352 1354 ν(C-O), δ(OCC) + δ(CH2)
1335 1313 υsy(OCO)

1259 1255 1252 ν (C-O) + ν(C-C) + δ(CH2)
1219 1227 1208 ν (C-O) + ν(C-C)
1168 1176 1167 1167 δ(C-H) and ν(C-C)
1028 in-plane δ(CH)

990 987 ν (C=C) + ν(C=O)
958 ρ (CH2)

925 935
813
715 728 704 719 γ (CO) + γ(CH)
676 661 γ (CH) + δ(CC-O)
623 611 γ (CH)
549 549 550 def.(ring)
466 467 469 def.(ring)

390
370

ν: stretching; δ: bending; γ: out-of-plane bending; as: asymmetric; and sy: symmetric.

The intense broad band at 1562–4 cm−1 attributed to aromatic ring vibrations with
δ(OH) and ν(C=C) contributions together with the ring deformations at 466–7 cm−1 are
present in both spectra and represent the diagnostic SERS bands indicative of colorants in
brazilwood. The ν(C=C(=O)-C=C) system located at 1377 cm−1 for the brazilwood pigment
is attributed to its brazilein content, and it is unobservable for the brazilin reference which
instead has a peak at 1352 cm−1 attributed to the ν(C-O), δ(OCC) and δ(CH2) modes. The
peak at 1619 cm−1, apparent in the hydrolyzed lake samples, is possibly again due to
brazilein and attributed to ν(C=C) and ν(C=O) and can also be seen as a weak shoulder
(marked with an asterisk) in the brazilin reference. This could in fact indicate a small
amount of brazilein in the brazilin reference sample due to natural oxidation. It is likely
that the brazilwood constituents are attached to the silver colloidal surface via the C=O
and OH groups, similar to the flavonoid class of molecules [23].

Further weak peaks (marked by asterisks in Figure 2ii), which appear at 1515 and
1497 cm−1 in the brazilin reference and which possibly relate to the ν(C=C), are replaced by
a small shoulder at 1518 cm−1 in the hydrolyzed lake. The band at 549 cm−1, attributed to
the δ(ring), appears less intense in the brazilwood pigment. Other spectral regions instead
show pronounced frequency shifts possibly governed by changes in the polarizability of
the analyte–metal complexes. The δ(CCH) and ν(C-C) bands shift from 1168 cm−1 in the
brazilin reference to 1176 cm−1 for the brazilwood pigment. The weak 715 cm−1 band for
the brazilin, attributed to the γ(CO) + γ(CH), is shifted to 728 cm−1 in the pigment. The
bands at 1219 cm−1 (ν(C-O) + ν(C-C)), 1259 cm−1 (ν(C-O) + ν(C-C) + δ(CH2)), 1028 cm−1

(in-plane δ(CH)) and 676 cm−1 (γ(CH) + δ(CC-O)) are all instead only observed in the
brazilin [13,25,26].
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Figure 2. SERS spectra of (i) reference sample of brazilin reference (regular colloidal SERS) and (ii) a
brazilwood pigment (pre-treated with HF). Reproducible peaks which vary widely in intensity are
denoted with an asterisk.

3.2. Urolithin C Standard

Although fluorescence was relatively high, adequate classical Raman scattering of the
brazilwood marker component, urolithin C, could be recorded using laser excitation at
514 nm as shown in Figure 3a with main bands highlighted in Table 2. Bands resulting
from the phenanthrene skeleton can be tentatively assigned to the ν(CC) and ν(CO) at
1616 cm−1 and to the ν(CC) and νass(O-C-O) at 1530 cm−1 [24]. Bands visible at ~1400 cm−1

may be due to the ν(C-C) and δ(HCC) and the out-of-plane CH modes at 719 cm−1. SERS
measurements of the same micro-sample of urolithin C reveals two predominant spectra as
given in Figure 3b and reported in Table 2. Fluctuations for the bands at 1589 and 1569 cm−1,
related to ν(C=C) + δ(OH) modes, could be observed during spectra collection as there
was a constant movement of colloidal/urolithin C particles within the examined aqueous
droplet. While this can be related to the common blinking phenomenon, the reproducibility
of the spectra could actually indicate a changeable interaction of the hydroxyl groups with
the silver surface [27–29].

The bands at 1530, 1167 and very weak 990 cm−1 (ring breathing vibration) visible
in the Raman spectrum are the only ones also featured in the SERS spectra without any
great shift. Significant differences in the relative intensity and position of peaks can be
observed when the spectra shown in Figure 3a,b are compared. These are the result of SERS
surface selection rules and are due to a combination of the orientation of the analyte on the
colloidal surface and specific Raman mode symmetry, and very likely in the formation of
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the surface complex where Raman modes in the molecule disappear on interaction with
the surface and instead other modes or new modes may be activated [21].

No bands at higher wavenumber than 1600 cm−1 are visible under SERS condi-
tions, although there is a large enhancement of the 1530 cm−1 band (ν(CC) and tentatively
νassym(OCO)), accompanied by a band at 1335 cm−1, possibly attributed to the νsymm(OCO).
The 1167 cm−1 SERS band results from ν(C-C) and δ(CH). Multiple strong bands at low
wavenumbers are due to out-of-plane deformation modes of C=C bonds with a visible
δ(C=O) in the range 600–660 cm−1. All this data collectively provides information as to
the orientation of urolithin C when chemisorbed or in close interaction with the silver. It
is possible that the overall behavior of urolithin C, interacting with the silver colloid via
both the carbonyl and hydroxyl functional groups, may be related directly to concentra-
tion effects. Possibly at lower concentrations urolithin C can initially orient somewhat
flatter, while instead at higher concentrations (near to and above monolayer coverage) it is
possibly forced to adsorb end-on due to crowding, resulting in the aforementioned signal
fluctuations [30].

 

Figure 3. Spectra of urolithin C (λ 514 nm) by (a) classical Raman and (b) SERS (regular colloidal
SERS) with reproducible yet fluctuating intensity of bands as highlighted by * in main traces i and ii.

3.3. Historical Textile Samples

The aforementioned spectral features and behaviors of both of brazilwood’s main
colorant components, and the marker component, urolithin C, were used to guide the
interpretation of the SERS spectra obtained from micro-samples of historic brazilwood-
dyed linen, silk and wool textiles.

In order to provide a validation of the results obtained through SERS, the historical
textile samples had previously been investigated by chromatographic methods (HPLC-
DAD) and were all known to contain urolithin C. In some samples additional colorants,
namely flavonoids, indigoids and tannins, could be identified. All HPLC results are
summarized in Table 3 and are described in more detail below in relation to the SERS results.
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Table 3. Description of historical samples with main components identified by HPLC-DAD and SERS (* = minor species not
detected by DAD but confirmed by tandem mass spectrometric detection).

Sample Abbreviation

Dyestuffs and Other Components Identified

HPLC-DAD and HPLC-ESI-Q-ToF
SERS

Colloidal HF Pre-Treatment

S#5 Brazilwood (Urolithin C, sappanol *);
4-hydroxybenzoic acid

Urolithin C
4-hydroxybenzoic acid

Urolithin C
4-hydroxybenzoic acid

S#11
Brazilwood (Urolithin C); Ellagic acid;

young fustic (sulfuretin);
4-hydroxybenzoic acid

Urolithin C Urolithin C
Ellagic acid

S#27

Brazilwood (Urolithin C, sappanol *, brazilein
*); logwood (hematein *, hematoxylin *);

ellagic acid;
4-hydroxybenzoic acid

Urolithin C
Neoflavonoid-

Brazilein/haematin?

Urolithin C,
Logwood-Haematin?

S#9

Brazilwood (Urolithin C, sappanol *); young
fustic (sulfuretin, sulfuretin-glucoside *, fisetin

*); flavonoid dye (luteolin); indigo or woad
(indigotin);

4-hydroxybenzoic acid

Urolithin C,
Luteolin,

Flavonoid-fustic?

Urolithin C,
Luteolin,

Flavonoid-fustic?

In the chromatogram (insert Figure 4a) of the extract of the brown wool sample S#5,
shown at 275 nm, the peak for urolithin C could be detected together with very low
quantities of sappanol, a molecular marker of redwood-type dyes [14,31]. A component
of tannin dyes but also a known degradation marker of both flavonoid compounds and
protein-based threads, 4-hydroxybenzoic acid, was also detected [32].

S#5 was investigated by colloidal SERS directly on the sample, which was followed
with hydrofluoric acid pre-treatment, the resulting spectra shown in Figure 4a(i,ii), respec-
tively. The well-resolved spectrum of S#5 with direct colloidal SERS can be seen in Figure 4
ai where the bands associated with urolithin C (1530, 1340, 1167, 987 and 654 cm−1) can be
observed. Following HF pre-treatment—and unlike the other samples described below—
there is no improvement in the quality of the SERS response (Figure 4a(ii)), although weak
bands associated with urolithin C can still be observed at 1530 and 660 cm−1. It is likely
that in the spectra for this sample the 4-hydroxybenzoic acid identified by HPLC analysis
can be observed. Although there is a partial overlap with the marker component, the
bands at 1618, 1390, 1017 and 830 cm−1 correspond to those reported in the literature for
this molecule [33]. The results obtained from this sample confirm that urolithin C can be
detected by SERS in samples where little or no brazilwood colorant components survive,
even in samples containing high proportions of 4-hydroxybenzoic acid as is commonly
observed in historical textile samples.

In the chromatogram of the extract of the orange silk sample S#11 (insert Figure 4b)
shown at 275 nm, ellagic acid is the most intense peak, followed by urolithin C, fisetin and
4-hydroxybenzoic acid. This suggests that S#11 had been dyed with brazilwood and young
fustic, consistent with previous studies [34] performed on silk core fibers of golden metal
threads. Ellagic acid could have been added to the dye bath to improve the final color, used
as a mordant or may have been co-extracted from the bark used when dyeing with young
fustic.

In Figure 4b(i,ii), a noisy spectrum was obtained for the direct colloidal SERS where
the bands related to the presence of the urolithin C marker component, namely 1530 and
660 cm−1, can be observed. Following acid pre-treatment of this sample, a much more
defined spectrum is obtained (Figure 4b(ii)) and the signals identifying the urolithin C
constituent can be better appreciated (1530, ~1330 and ~660 cm−1). The presence of strong
bands in the lower wavenumber range attributed to the ring ν(CC) perhaps indicate a
more planar orientation in relation to the colloidal surface. Further bands with reasonable
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intensity at 1605, 1470 and 1287 cm−1 can be ascribed to the co-presence of ellagic acid in
this sample [35], as highlighted by the HPLC analysis. The bands at 1567, 1370, 885 and
548 cm−1 collectively provide information regarding the presence of flavonoid materials
but do not permit determination of the specific dye source [25]. No bands exclusively
pertaining to 4-hydroxybenzoic acid could be identified. This result highlights the selective
nature of SERS when multi-components of varying solubilities and concentrations can
interact with the Ag colloid, and where some components are likely preferentially adsorbed
over others. In this case, implementing a further SERS extraction step with methanol/HCl
could be of some benefit.

 
Figure 4. SERS spectra obtained (i) with regular colloidal interaction and (ii) following HF pre-
treatment respectively for samples: (a) wool S#5, (b) silk S#11; (c) linen S#27 and (d) silk S#9. The
corresponding HPLC-DAD chromatograms of the extracts of the samples @275 nm are inserted with
abbreviations: pHBA = 4-hydroxybenzoic acid; EA = ellagic acid; UC = urolithin C; LUT = luteolin;
and SUL = sulfuretin and are available enlarged in supporting information S1.
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In the chromatogram (insert Figure 4c) of the extract of the linen sample S#27 shown
at 275 nm, the peak for urolithin C is the most intense, while several other dye materials
are also present. These include minor components typical of brazilwood and logwood
dyes (sappanol; hematein; brazilein; hematoxylin; and 4-hydroxybenzoic acid) [14,31]. This
sample also contains ellagic acid, suggesting the co-presence of tannins, again either used
to modify the color or as a mordant during dyeing [7].

For the linen sample S#27, acquisitions performed with the colloidal SERS directly on
the sample and after the hydrofluoric acid pre-treatment gave rise to the spectra shown in
Figure 4c(i,ii), respectively. By direct colloidal SERS, the main features—albeit quite noisy—
of the brazilwood marker urolithin C can be seen, with a band at 1530 cm−1 accompanied
by broad bands at 1589, 660 and 990 cm−1 (very weak). The band at 1350 cm−1 possibly
indicates the co-presence of brazilin/brazilein or even haematin from logwood, a further
neoflavonoid which would not have been taken into consideration had it not been for
the HPLC results. Following HF pre-treatment, the bands at 1566, 1357 and 467 cm−1 are
slightly shifted from the characteristic bands reported here for brazilin/brazilein (shown
in Figure 2), and the peak at 1377 cm−1 attributed to brazilein cannot be observed. It is
plausible to hypothesize the presence of logwood also given the similarity of the SERS
spectral features [25]. A few further weak bands can be seen in Figure 4c(i,ii), namely
those in the 1470–1490 cm−1 range, and a band at 1270 cm−1 seen only in Figure 4c(i).
These bands cannot be specifically assigned, but most likely belong to the additional minor
components, 4-hydroxybenzoic acid and ellagic acid, as identified by HPLC. In this sample
the urolithin C component is readily available to interact with the colloid without any pre-
treatment steps and despite the confirmed presence of other coloring components. Once
these other components were subsequently liberated from the mordant/textile complex
following acid hydrolysis, they can be preferentially observed and distinguished. This
underlines the necessity of the two-step process for a fuller sample characterization.

In the chromatogram of the extract of the deeper orange silk sample S#9 (insert
Figure 4d) shown at 275 nm, urolithin C is the most intense peak. In addition, sappanol
and 4-hydroxybenzoic acid are identified, as are sulfuretin, a sulfuretin-glucoside and
fisetin, all ascribable to the use of young fustic [36]. Luteolin was also observed, suggesting
the co-presence of a second yellow flavonoid dye. The presence of indigotin suggests that
indigo or woad was also used to obtain the desired hue.

The SERS spectra obtained from S#9 can be observed in Figure 4d(i,ii) for direct
colloidal SERS and after HF pre-treatment, respectively. Interestingly, in both spectra the
main bands of urolithin C (1530, ~1335 and ~660 cm−1) can be observed. In this case,
the acid pre-treatment does not enhance the quality of the spectra. Given the delicate
nature of the substrate and acid hydrolysis conditions, it is worth nothing that no bands
relating to the protein content of the silk matrix are observed by SERS [37]. Furthermore,
no bands attributable to brazilein are apparent either. Beyond the marker component, a
number of other weaker bands can be observed relating to the flavonoid content in the
sample highlighted by HPLC analysis. Specifically, in Figure 4d(i), the bands at 1573 and
1240 cm−1 relate to luteolin, the band at 844 cm−1 is suggestive of components with a
flavonoid structure, while those at 587 and 620 cm−1 are features which correlate with
the suggested fustic content [26]. HPLC analysis also indicates the presence of indigo,
which could be observed instead by conventional Raman pre-SERS (spectrum not shown).
The identification of the marker component is apparent in this sample in the presence
of flavonoid and indigoid dyes and is evidence of the use of brazilwood even when the
brazilwood colorants have not survived.

4. Conclusions

In this work, the spectral features of the brazilwood marker component urolithin C
have been characterized by conventional and surface-enhanced Raman spectroscopy, and
compared to those of the main brazilwood chromophores in the pure reference material
and in a brazilwood lake pigment sample. The results obtained suggested that the SERS
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approach was suitable for use on historical textile samples and it was subsequently success-
fully applied to minute samples from four historical linen, silk and wool textiles dyed with
brazilwood and showing varying degrees of fading. The SERS findings were correlated
with HPLC-DAD and HPLC-ESI-Q-ToF-MS analyses which offered a full description of
the major and minor components in each sample. The combined use of the direct col-
loidal approach followed by a HF pre-treatment was demonstrated to provide a fuller
characterization protocol than using either approach alone. Using direct colloidal SERS
methods, it was possible to observe the presence of the marker component, urolithin C, in
each textile sample even when no brazilwood colorant survived and in the co-presence
of other dyestuffs and textile degradation products such as 4-hydroxybenzoic acid. The
additional acidic hydrolysis pre-treatment has been shown to promote the release of any
remaining colorants from the mordant/textile fiber which allowed characterization of mi-
nor tannin (ellagic acid) and flavonoid dyestuff components (luteolin, fisetin) also present
in the samples, although this treatment could make it harder to detect the brazilwood
marker component. The results presented here confirmed the original use of brazilwood in
each textile even when a further neoflavonoid-based dye, logwood, is hypothesized. This
SERS methodology has the potential to be used as an in situ method for the examination
of textiles where brazilwood colorant is potentially present at the fiber surface. Other
artefacts where a brazilwood-based colorant is suspected in exposed surface layers could
be examined using a similar approach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030078/s1. Figure S1: The HPLC-DAD chromatograms featured in Figure 4.
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Abstract: Weld (Reseda luteola) was one of the main sources of yellow dyes used for dyeing textiles
and to prepare artists’ pigments in Europe until the 19th century. For the first time, this work
explores the technology of preparing weld lake pigments in the 19th century by Winsor & Newton
(W&N), a renowned supplier of artists’ materials. Five recipes were discovered in the W&N 19th
century Archive Database and reconstructed in the laboratory. W&N was extracting weld in neutral
and basic media, and preparing the insoluble lake by complexation with Al3+ in the form of alum
(KAl(SO4)2•12H2O) or hydrated alumina (Al(OH)3). Five yellow lake pigments were successfully
obtained and characterized by High-Performance Liquid Chromatography-Diode Array Detector
(HPLC-DAD) and Fourier Transform Infrared Spectroscopy (FTIR). Their chromatographic profiles
display as main yellows, luteolin 7-O-glucoside (Lut-7-O-glu) or both Lut-7-O-glu plus luteolin 3′,7-
O-glucoside (Lut-3’,7-O-glu). In two of the processes, the presence of gypsum (CaSO4•2H2O) was
unequivocally detected by FTIR, being formed as a by-product. This work offers the first identification
of weld lake pigments’ characteristic infrared bands. The W&N Database proved again to be a unique
source of information on 19th-century artists’ materials and their commercial preparation. The
knowledge gain is essential to ensure effective conservation and authentication procedures.

Keywords: weld lake pigments; yellow lakes; luteolin; 19th century; Winsor & Newton; conservation

1. Introduction

Yellow dyes were used in artworks for millennia up until the advances in modern
chemistry. Reseda luteola L., or weld, was one of the most important dyes in Europe up until
the 19th century, and the primary source for organic yellows [1]. These were used in the
textile industry as a source of yellow and green colors and prepared as artists’ pigments to
create precious masterpieces [1–3].

Although weld was possibly identified in textiles from Xinjiang [4,5], in 17th-century
Arraiolos carpets, Portugal [6] and in Southern Swedish painted wall hangings from the
18th–19th centuries [7], assessing its conservation condition and the causes of degradation
in artworks is still in its early stages. To understand the degradation mechanisms that
are in play in such complex matrices as found in our cultural heritage, it is necessary to
have reference materials prepared with as much historical accuracy as possible. These are
used to assess the natural evolution of these colors and simulate by accelerated ageing
experiments with a limited number of variables the aging of these systems.

Heritage 2021, 4, 422–436. https://doi.org/10.3390/heritage4010026 https://www.mdpi.com/journal/heritage

229



Heritage 2021, 4

Methanol:water extracts of Reseda luteola, which gave the highest flavonoid yield, have
shown that the main chromophore is luteolin 7-O-glucoside (Lut-7-O-glu), followed by
luteolin 3′,7-O-glucoside (Lut-3’,7-O-glu). Luteolin (Lut), apigenin 7-O-glucoside (Api-7-
O-glu), chrysoeriol glycoside (Chry-gly), luteolin 4′-O-glucoside (Lut-4’-O-glu), are also
found, with apigenin (Api), apigenin-6,8-di-C-glucoside (Api-6,8-C-glu), and a luteolin
di-O-glucoside (Lut-di-O-glu) found in lower amounts [6,8–10]. When analyzing dyed
textiles, weld is identified as the yellow used by the presence of “luteolin-type” flavonoids.
In 17th-century Arraiolos carpets, the yellow historical samples analyzed with LC–MS
contained primarily Lut-7-O-glu, small amounts of apigenin-6,8-di-C-glucoside, Lut-3,7-O-
glu and its isomer, as well as Api-7-O-glu and Lut, see Figure 1 [6]. Moreover, for the dyed
textiles from Xinjiang, the identification of Lut-7-O-glu, along with other “luteolin-type”
and “apigenin-type” flavonoids, led to the proposal of the use of weld in the samples
analyzed [4,5].

Figure 1. Collection of Reseda luteola in its native environment; structures for the main chromophores found in Reseda luteola
yellows: luteolin, apigenin, luteolin 7-O-glucoside, luteolin 3′,7-di-O-glucoside, and apigenin 7-O-glucoside.

Generally, most dyes were applied as lake pigments, formed by the colorant’s precip-
itation with a complexing agent, such as alum, hence becoming a non-soluble pigment,
in a process analogous to the mordanting of textiles [2]. Although these dye-metal com-
plexes’ exact structure is still unknown for most lake pigments, there are some proposals for
luteolin-metal complexes [11–13]. Following a DFT/TDDFT study of the complexation sites
of luteolin and apigenin, Amat et al. proposed that luteolin is preferentially co-precipitated
or absorbed with Al3+, or other metals in a bi-dentate mode involving the 4-keto-5-hydroxy
site and with a Al:Luteolin 1:1 stoichiometry [11]. The same structure was proposed by Gao
et al. for luteolin-Cr(III) complexes, while Dong et al. proposed the same coordination sites
for complexation with manganese (II), although with an Mg:Luteolin 1:2 stoichiometry,
which means the existence of a complexation network is expected involving the hydroxyl
groups [12,13]. On the other hand, Smith et al. found that the aluminium ion-flavonoids
complexes (present in dyed textiles and lake pigments) prevent the natural efficient and
non-degradative dissipation of excitation energy by an intermolecular proton transfer
involving the 5-OH and the 4=O groups, hence are more susceptible to degradation [14].

Within an interdisciplinary team of chemists, botanists, and heritage scientists, with
20 years of experience in studying and retrieving the “lost knowledge” on natural dyes
found in historical documents and artworks [15–19], this work will be the first step of a
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systematic study on the technology used in the past to produce weld lake pigments. For
this first approach, we investigated recipes found in the Winsor & Newton (W&N) 19th
century Archive Database, a unique primary documentary source covering handwritten
formulation instructions and workshop notes of a leading artists’ colormen that supplied
prominent painters. The W&N Archive Database comprises a summary index-linked to
digitalized page-images of 85 manuscript books (corresponding to 15.003 database records)
and a digital collection of 47 W&N 19th-century trade and retail catalogues [20–22].

In a time of chemical development, especially of artificial dyestuffs, it is very interest-
ing to note that W&N was producing at an industrial scale and selling natural yellow lake
pigments during the 19th century [23]. In previous studies, we have proven that W&N
was committed to primarily selling the most high-quality and durable products [18,24,25].
More importantly, we have demonstrated that research on the W&N Database enables
pigment reconstructions with as much historical accuracy as possible. These references
will be fundamental to advance analytical methodologies on the identification of weld lake
pigments in artworks. In this work, for the first time, we disclose the infrared bands of
weld lake pigments, complemented by their chromatographic profiles.

2. Materials and Methods

2.1. Materials

All solvents used were HPLC grade. For all chromatographic studies as well as
dye extraction, Millipore ultrapure water was used. Luteolin (C15H10O6), luteolin-7-O-
glucoside (C21H20O11) and luteolin-3′,7-di-Oglucoside (C27H30O16) analytical standards
were purchased from Extrasynthese®. Potassium aluminium sulfate (AlK(SO4)2·12H2O),
potassium bicarbonate (KHCO3), sodium borate (Na2B4O7·10H2O), calcium carbonate
(CaCO3), and hydrated alumina (Al(OH)3), were purchased from Sigma-Aldrich®, while
potassium carbonate (K2CO3) was purchased from Merck®. Gum arabic to prepare paint
references was purchased in pieces from Kremer Pigmente®.

Flowering branches of Reseda luteola were collected in June 2020 by A. Clemente, from
wild populations near Bucelas, north of Lisbon, Portugal (38◦54′21” N–9◦6′30” W). The
plant material was spread in a tray and air-dried in the dark, in a ventilated area at 20 ◦C.

2.2. Synthesis Methods for Weld Lake Pigments

Research on the W&N 19th century Archive Database was carried out under the
sub-topic weld, which resulted in 12 database records. Among these, it was possible to
identify seven records for the production of weld lake pigments, however, there are only
five recipes as 3 of the records are copies, see Table 1. The remaining five database records
include two notes on weld, two experiments to extract weld, and one recipe to prepare
Yellow Carmine from weld, Persian berries and quercitron bark. The transcription of the
production records used in this work may be consulted in Table S1, and the synthesis
methods reproduced are described in Table 1. Interpretation of the materials used was
based on our previous works [18,24,25], which allowed us to infer that the term ‘whiting’
used in the recipe Yellow from Weld corresponds to calcium carbonate (CaCO3), ‘Sub. Carb.
Pot’, used in the same recipe, is potassium bicarbonate (KHCO3) and ‘Pearlash’, used in
the other recipes, is potassium carbonate (K2CO3). It is important to note that the recipe
Yellow Lake. Cool tint. refers to the use of alum (ammonia sort), however, it was chosen to
use common alum (KAl(SO4)2·12H2O) in all recipes to facilitate a first comparison between
them. For this reason, we also decided always to use weld flowers. The introduction
of experimental variants such as using ammonium alum (NH4Al(SO4)2·12H2O) will be
investigated in the future. All materials were scaled-down from industrial to laboratory
scale, and quantities in British measures were converted to SI units [22,23].

pH measurements were acquired throughout the syntheses. After 1 day left to precipi-
tate, the lakes were centrifuged for 10 min at 2400 rpm, washed with distilled water, and
centrifuged again for 5 min at 3000 rpm. The lakes were air-dried and ground in an agate
mortar for 15 min each.
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Table 1. Production name, recipe and pigment code of the synthesis methods for weld lake pigments, adapted from the
original text transcribed in Table S1.

Production Name Unique Recipe Code § Pigment Code Synthesis Methods

Yellow from Weld

4PP148AL01
(copy in P4P088L01) WL1

A. To 10 mL of boiling water add 0.2 g of CaCO3 and then
slowly add 0.86 g of KAl(SO4)2·12H2O, always stirring.
Leave it to rest and decant the solution; keep the precipitate.
B. To 50 mL of boiling water add 2 g of weld flowers. Then
add 0.014 g of KHCO3 and leave it to boil during 20 min.
Filter it and keep the solution.
Put the solution B to boil. When boiling, add the precipitate
A and leave it boiling for 1 h, always stirring. Leave it to
rest for 1 day and filter the yellow lake pigment.

4PP148AL14
(copy in P4P089L14) WL2

A. To 10 mL of boiling water add 0.86 g of
KAl(SO4)2·12H2O and then slowly add 0.2 g of CaCO3,
always stirring. Leave it to rest and decant the solution;
keep the precipitate.
B. To 50 mL of boiling water add 2 g of weld flowers. Then
add 0.014 g of KHCO3 and leave it to boil during 20 min.
Filter it and keep the solution.
Put the solution B to boil. When boiling, add the precipitate
A and leave it boiling for 1 h, always stirring. Leave it to
rest for 1 day and filter the yellow lake pigment.

Yellow Lake.
Cool tint.

P1P348AL01
(copy in X6P228L01 ¥) WL3

To 50 mL of boiling water add 0.43 g of K2CO3. When
dissolved add 2 g of weld flowers and leave it to boil during
20 min. Filter it and keep the solution. To the yellow
solution add 0.86 g of KAl(SO4)2·12H2O, always stirring.
Leave it to rest and filter the yellow lake pigment.

Weld Yellow

P4P100L10
WL4

To 50 mL of boiling water add 0.018 g of K2CO3 and then 4 g
of weld flowers. Boil 10 min. Filter it and keep the solution.
To the yellow solution add 0.107 g of KAl(SO4)2·12H2O and
then 0.07 g of Na2B4O7.10H2O, always stirring. Leave it to
rest and filter the yellow lake pigment.

WL5

To 50 mL of boiling water add 0.018 g of K2CO3 and then 2 g
of weld flowers. Boil 10 min. Filter it and keep the solution.
To the yellow solution, add 0.177 g of Al(OH)3, always
stirring. Leave it to rest and filter the yellow lake pigment.

§ The unique recipe code is the code from the W&N Database that identifies a database record. ¥ Although this record is a copy, its title is
“Experiment with Weld for Yellow Lake for Water Colours” and is dated 6 October 1854.

2.3. Paint References

Paint references were prepared using gum arabic as a 20% solution; the pieces were
ground and then added to pure water. The lake pigments were first ground in a glass
mortar with pure water and then ground with the binder. The paints were applied on filter
paper with a paintbrush and allowed to dry. Filter paper was selected because no additives
are present such as brighteners; this was confirmed by checking the filter paper under an
UV-lamp (280 nm). The paint references were analyzed by colorimetry.

2.4. Equipment and Characterization Methods
2.4.1. Colorimetry

For measuring color, a portable spectrophotometer colorimetry Data Color Interna-
tional was used. Its measuring head’s optical system uses diffuse illumination from a
pulsed Xenon arc lamp over the 8mm-diameter measuring area, with 0º viewing angle
geometry. Color coordinates were calculated defining the D65 illuminant and the 10º ob-
server. The calibration was performed with a white bright standard plate and a total black
standard. Color, as perceived by the human eye, may be represented in a three-dimensional
system. The color data are presented in the CIE-Lab system. In the Lab cartesian system,
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L*, relative brightness, is represented by the z-axis. Variations in relative brightness range
from white (L* = 100) to black (L* = 0). The (a*, b*) pair represents the hue of the object.
The red/green y-axis plots a* ranging from negative values (green) to positive (red). The
yellow/blue x-axis reports b* going from negative (blue) to positive numbers (yellow).

2.4.2. High-Performance Liquid Chromatography with a Diode Array Detector
(HPLC-DAD)

For HPLC-DAD analysis, Reseda luteola plant was extracted by placing 1 g of the dry
plant material (as collected from nature) with 100 mL of methanol:water (70:30, v:v) and
heating in a water bath at 60 ◦C for one hour, as described in [26]. The dye from lake
pigments was extracted by placing in an eppendorf, 10 mg of powder with a 1 mL solution
of oxalic acid (0.2 M):methanol:acetone:water (0.1:3:3:4, v:v), as described in [27].

Prior to HPLC-DAD analysis, all extracts were centrifuged at 12,000 rpm for about
10 min. The supernatant liquid was gently removed and filtered through a 0.45 μm filter.
Before analysis, the solution was diluted with methanol:water (70:30, v:v) if necessary.

The analysis was carried out in a Thermofinnigan Surveyor® HPLC-DAD system
with a Thermofinnigan Surveyor PDA (Thermofinnigan, San Jose, CA, USA), an au-
tosampler, and a gradient pump. The sample separations were performed in a reversed-
phase column, RP-18 Nucleosil column (Macherey-Nagel) with 5 μm particle size column
(250 mm × 4.6 mm), with a flow rate of 1.7 mL/min with the column at a constant temper-
ature of 35 ◦C. The samples were injected via a Rheodyne injector with a 25 μL loop. The
elution gradient consisted of two solvents, A: methanol and B: 0.1% (v/v) perchloric acid
aqueous solution. A gradient elution program was used of 0–2 min isocratic 7% A, 2–8 min
linear gradient to 15% A, 8–25 min linear gradient to 75% A, 25–27 min linear gradient
to 80% A, 27–29 min linear gradient to 100% A, and 29–30 min isocratic 100% A (10 min
re-equilibration time). The eluted peaks were monitored at 350 nm.

The peaks were integrated and the area of each peak was recorded as well as the
percentage. Peak area calculation was done by defining the time intervals for each peak.
The area below the peak was integrated within this interval is measured and the percentage
of each area is calculated by dividing by the sum of all the peak areas. For this analysis, it
was considered the area of the nine peaks visible at λ = 350 nm, between 14 and 24 min, as
shown in Figure 2.

Figure 2. Chromatogram of an extract in MeOH:H2O (70:30, v:v) of Reseda luteola, λ=350 nm:
(1) apigenin-6,8-di-C-glucoside, (2) luteolin di-O-glucoside; (3) luteolin 3′,7-O-glucoside; (4) lu-
teolin 7-O-glucoside, (5) apigenin 7-O-glucoside, (6) chrysoeriol glycoside, (7) luteolin 4′-O-glucoside,
(8) luteolin, (9) apigenin.
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2.4.3. Ultra-High Performance Liquid Chromatography-High Resolution Mass
Spectrometry (UHPLC-DAD-HRMS)

Aliquots of 3 μL of plant material were analyzed on a UHPLC Elute system coupled
on-line with a quadrupole time-of-flight Impact II mass spectrometer equipped with an ESI
source (Bruker Daltoniks, Bremen, Germany). Chromatographic separation was carried out
on an RF-C18 Halo column (150 mm × 2.1 mm, 2.7 μm particle size, Advanced Material
Technology). The mobile phase consisted of water (A) and acetonitrile (B), containing 0.1%
formic acid, at a flow rate of 600 μL/min. The elution conditions were as follows: 0–18 min,
linear gradient to 50% B; 18–20 min, linear gradient to 90% B; 20–23 min, isocratic 90% B; and
23–24 min, linear gradient to 0% B (followed by 11 min re-equilibration time). The column
and the autosampler were maintained at 45 ◦C and 8 ◦C, respectively. High-resolution mass
spectra were acquired in the ESI negative mode. Internal calibration was achieved with
an ammonium formate 10 mM solution introduced to the ion source via a 20 μL loop at
the beginning of each analysis, using a six-port valve. The mass spectrometric parameters
were set as follows: end-plate offset: 500 V; capillary voltage: −2.5 kV; nebulizer: 4 bars;
dry gas: 8 L/min; heater temperature: 200 ◦C; m/z range 100–1000 Da; acquisition mode:
data-dependent analysis (Auto MS/MS), acquisition rate of 3 Hz, and using a dynamic
method with a fixed cycle time of 3, and an isolation window of 0.03 Da. Data acquisition
and processing were performed using Data Analysis 4.2 software.

2.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared analyses were carried out with a Nicolet Nexus spectrophotometer. The
pigments were prepared as KBr pellets, and spectra were collected in transmission mode
between 4000 cm−1 and 650 cm−1, with a resolution of 8 cm−1 and 64 scans. The spectra
are shown here as acquired, without corrections or any further manipulations.

3. Results and Discussion

3.1. Weld Lake Pigment Recipes in the Winsor & Newton 19th Century Archive Database

From a total of 1511 database records for yellow pigments, 42% pertains to yellow
lakes. Although the majority of these records pertain to quercitron-based products, 12 of
these mention weld, as referred above. Interestingly, the five recipes to prepared weld
lake pigments were discovered in manuscript books belonging to the founder Henry
Charles Newton and his son Arthur Henry Newton. The recipes were found under the
names: “Yellow from weld”, “Yellow Lake. Cool tint.” and “Weld Yellow”, as described in
Tables 1 and 2. It is important to note that the pigments prepared from the first three recipes
(WL1, WL2 and WL3) were originally produced with 12.7 kgs of weld plants, whereas those
from the last recipes ((WL4 and WL5) were produced with 0.9 kg, which suggests the latter
were experiments. Nonetheless, all recipes were reproduced, and the pHs of the extraction
solution and after precipitation of the weld lake pigments obtained are also presented
in Table 2.

As Table 1 shows, W&N was extracting weld in a neutral media for most recipes,
excluding WL3 recipe, which involved a basic media. This was accomplished by the ad-
dition of carbonate compounds ((KHCO3 and K2CO3) that “assist the extraction of the
colouring matter” as stated in the recipe Yellow from Weld (WL1 and WL2). The latter recipe
also includes the preparation of what W&N called the “body” of the pigment formulation,
which involves mixing calcium carbonate (CaCO3) and alum (KAl(SO4)2·12H2O. WL1 and
WL2 differ in the order of addition of these ingredients. According to W&N, the pigment
resulting from WL1 was “rather pale because the body was not thoroughly homogeneous”
and the improved process WL2 resulted in a color “deeper & looked brighter”. Experimen-
tally, we observe a yellow with a stronger red component, see Table 3. Curiously, they also
refer “the quantity of yellow was less” for the WL2, however, we did not obtain this result
as the yields are very similar, as presented in Table 2. In fact, those that experimentally
presented the best yield of all five recipes were WL1 and WL2, while WL4 had the worst
yield. Regarding recipe WL3, the yield experimentally obtained was very similar to W&N.
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According to them, this recipe produced “a lively kind of yellow lake for sale &c. Green-
ish in hue, bright in the drop & full coloured” and when “tried in oil it produces a very
beautiful yellow lake_very cool_bright & strong”. Although the resulting pigment presents
one of the lowest red component values (a* ≈ 2), it did not show a greenish hue. This may
be related to incomplete precipitation of all coloring matter as in the original recipe (see
Table S1) is claimed that the quantity of alum used by W&N “was found to precipitate the
colour entirely, leaving only a very faint tinge of yellow in the supernatant”. This was not
observed in our experiment and will also be addressed in future work.

Table 2. Production name, ingredients, synthesis methods, final pHs and yields for W&N’s weld lake pigments.

Dye Source Extraction Method Complexing Agent Additives

Weld
Potassium

bicarbonate
KHCO3

Potassium
carbonate

K2CO3

Alum
KAl(SO4) 2

Hydrated
alumina
Al(OH)3

Calcium
carbonate

CaCO3

Sodium Borate
Na2B4O7

Ext Ext C C C A 
Production

name
Code Synthesis

pH
extraction 1

pH
final

η (%) 2

Yellow from
Weld

WL1 Ext C C 6.18 4.05 ηW&N = 25%
ηEXP = 31%

WL2 Ext C C 6.27 3.36 ηW&N = 18%
ηEXP = 32%

Yellow Lake.
Cool tint.

WL3 Ext C 9.46 3.63 ηW&N = 12.5%
ηEXP = 12%

Weld Yellow

WL4 Ext C A 6.02 5.07 ηW&N = n.a.
ηEXP = 6%

WL5 Ext C 6.35 6.15 ηW&N = n.a.
ηEXP = 9%

1 The pH extraction is related to the pH after extracting the plant material and subsequent filtration. 2 The observed yield (η) was calculated
as follows: (final lake amount) ÷ (weld amount) × 100. ηW&N–observed yield calculated by the quantities given by W&N, see Table S1;
ηEXP–observed yield calculated by the quantities obtained experimentally.

Table 3. Colorimetry, HPLC chromatograms and infrared spectra of the weld lake pigments synthesized applied over filter
paper, with gum arabic media. HPLC chromatograms were obtained from the extracts of the lake pigments. For more
details, please see text.

Recipe HPLC Infrared

WL1

 
L* = 86.25 ± 0.06
a* = 1.56 ± 0.19

b* = 81.82 ± 1.00
gypsum (•)
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Table 3. Cont.

Recipe HPLC Infrared

WL2

 
L* = 82.28 ± 0.21
a* = 5.78 ± 0.29

b* = 82.91 ± 0.57
gypsum (•)

WL3

 
L* = 86.49 ± 0.27
a* = 2.78 ± 0.27
b* = 80.2 ± 0.24

WL4

 
L* = 76.93 ± 0.69
a* = 8.81 ± 0.58

b* = 74.93 ± 0.92

WL5

 
L* = 85.66 ± 0.13
a* = 0.96 ± 0.15

b* = 75.75 ± 0.06
Al(OH)3 (�)

The complexing agent always used was Al3+ in the form of alum (KAl(SO4)2·12H2O)
in the majority of the recipes and hydrated alumina (Al(OH)3) in WL5 recipe; however,
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complexation with Ca2+ cannot be excluded as this has been observed for W&N 19th cen-
tury cochineal lake pigments [18]. The addition of borax (Na2B4O7) was also experimented
with alum in WL4 recipe. The pH after precipitation was slightly acidic, between 3 and 6,
but always resulted in bright yellow lake pigments, as shown in Table 3. The reasoning for
the production methods found is discussed below.

3.2. Extraction Method

The analysis of the plant extract was done by HPLC-DAD-HRMS. It was possible to
find as a major chromophore Lut-7-O-glu, and minor compounds, Api-6,8-C-glu, Lut-di-O-
glu, Lut-3′,7-O-glu; Api-7-O-glu, Chry-gly, Lut-4′-O-glu, Lut and Api, see Figure 2. This is
in accordance with what has been reported in the literature [6,8,9]. It was confirmed that
the chromophores identified by HPLC-HRMS were the same as observed by HPLC-DAD.

For both WL1 and WL2 recipes, potassium bicarbonate is added to the plant material’
solution, raising the pH to a neutral media (pH ~6). For the rest of the recipes, potassium
carbonate was added previously to the weld, also resulting in a neutral media (pH ~6),
except for the WL3 recipe that remained at a basic media. Although the recipes present
two different extraction methods, they do not influence the chromophores extracted as the
chromatographic profiles are similar, see Figure 2 and Figure S1.

It is very interesting the use of carbonates (KHCO3 and K2CO3) for the extraction of
the flavonoids. The use of such extract solutions instead of water was possibly to allow the
highest amount of lake pigment. Favaro et al. used fluorimetric titration to characterize the
various luteolin species detected within the pH range explored (pH = 2–12) [28]: neutral
form (pH < 5), mono-anion (pH ~7), di-anion (pH ~9) and tri-anion (pH ~12), and the
successive deprotonations occur in the order 7-OH; 4′-OH; 3′-OH or/and 5-OH [28]. In
WL3, WL4 and WL5 the extraction is carried out in a basic pH, turning neutral after the
addition of the plant material. This creates the optimum conditions for the metal chelation
through the OH at C5 and the carbonyl at C4, since the first is deprotonated only at
pH ≈ 10.3, as mentioned above.

3.3. Characterization of the Weld Lake Pigments

A summary of the multi-analytical results of Colorimetry, High-Performance Liquid
Chromatography-Diode Array Detector (HPLC-DAD) and Fourier Transform Infrared
Spectroscopy (FTIR) for the weld lake pigments prepared may be observed in Table 3.

3.3.1. HPLC-DAD Analysis

Other authors have done an extensive analysis of the characterization of weld by
HPLC, including quantitation of the chromophores [6,8–10,29,30]. Based on this, in this
work, we only compared the chromatographic profiles of the lake pigments using HPLC-
DAD, which is preferable to perform a semi-quantification.

When analyzing the HPLC chromatograms of the weld lake pigment extracts, some
differences are visible, as shown in Table 3. The two variants of recipe Yellow from Weld
(WL1 and WL2) present the same chromatographic profile, indicating that the order in
which alum and calcium carbonate are added does not affect the chromatographic profile,
i.e., the percentage of chromophores present, as seen in Table S2. However, when compared
with the extract, in Figure 2, it is possible to see that both lake pigments present a higher
percentage of Lut-3′,7-O-glu than the plant extract (15.35–17.25% in the lake pigment
when compared with 4.92% of the extract). Considering that the extracts in K2CO3 and
KHCO3 presented the same chromatographic profile as in MeOH:H2O (see Figure S1), the
difference is not due to different extraction methods, but possibly to a higher preference of
complexation for the di-glucoside. Interestingly, this difference is even higher in the lake
pigment from WL3 and WL5, where the Lut-3′,7-O-gluc represents 20.91% and 23,05% of the
total peak area, while the Lut-7-O-glu represents 30.26% and 18.63%, respectively. WL3 is
the only recipe with the addition of alum to an extraction solution of Reseda luteola at a basic
pH of around 9. Moreover, WL5 also has a higher percentage of Api-7-O-glu, representing
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11.22% of the total peak area. WL5 is the only recipe where alumina is added. Regarding
the recipe WL4, it has the closest chromatographic profile to that of the extraction, with
13.17% of luteolin 3′,7-di-O-glucoside and 52.551% of luteolin 7-O-glucoside.

3.3.2. FTIR Analysis

Both yellow lake pigments from the recipe Yellow from Weld (WL1 and WL2) have
shown similar FTIR results as observed by HPLC-DAD. Notably, the formation of gypsum
(CaSO4·2H2O) by FTIR was detected, due to its characteristic absorption bands for νOH at
3405 cm−1, νas(SO4

2−) at 1132 cm−1 and δas(SO4
2−) at 670 cm−1 [31], as observed in Table 3.

Gypsum was not directly added but was rather a product of the reaction between alum
(KAl(SO4)2) and calcium carbonate (CaCO3). The reason why W&N chose to create gypsum
through a reaction rather than adding it directly is still unclear at the moment. Further
experimentation will be performed using gypsum directly in the recipe to understand the
role of this reaction.

As may be seen in Table 3, FTIR analysis of all yellow lake pigments shows bands
attributed to flavonoids-metal complexes, which is very clear in the infrared spectra of
WL3 and WL4, where only alum was added, plus borax in the latter recipe; the role of
this ingredient is also still to be investigated. A more thorough analysis of the infrared
data of the flavonoids-metal complexes is offered below. Besides identifying gypsum in
WL1 and WL2 pigments, it was also detected the presence of hydrated alumina in the WL5
lake pigment, due to its characteristic absorption bands for δ(H2O) at 1485 cm-1 and the
δ(Al-OH) at 852 cm−1 [31], as shown in Table 3.

3.4. Infrared Markers of Weld Lake Pigments

Although infrared spectroscopy has rarely been used to characterize flavonoids, sev-
eral studies have proven its effectiveness in studying flavonoids-metal complexes [12,13].
Machado et al. [32] did DFT calculations of IR and Raman spectroscopies of hydrox-
yflavones, and their assignments are summarized in Table 4.

As mentioned above, flavonoids-metal complexes are observed in the infrared spectra
of WL3 and WL4. Figure 3 compares the two lake pigments and references of luteolin
and luteolin 7-O-glucoside and shows the similarity between the infrared spectra, namely
between WL4 and luteolin 7-O-glucoside. These data are corroborated by the HPLC-
DAD analysis, since this recipe has 53.31% of luteolin 7-O-glucoside, when compared
with the 30.38% of the recipe WL3. The presence of a glucoside in position 7-OH shifted
the vibrational frequency from 1186 to 1179 cm−1. The fact that both lakes show lower
frequencies, at 1178 and 1173 cm−1, corroborates with the HPLC data. The reference of
luteolin 3′,7-di-O-glucoside will provide more insight into the effect of glucosides in the
infrared spectra, and further studies are underway.

Regarding the presence of an organometallic complex, the stretching vibration of
C=O of luteolin at 1666 cm−1 is shifted to 1632 cm−1. According to Dong, this shift
is characteristic of the existence of a complex [12]. It is the co-ordination of carbonyl
oxygen with metal ion bonded to 5-OH group of A ring and 4-CO carbonyl group of C
ring [12,33,34]. This is also visible in the stretching at 1613 cm−1. Moreover, the OH bending
of C5 shifts from 1509 cm−1 to 1484-9 cm−1, probably also due to the metal coordination.
Another possible indication of metal complexation in positions OH (C5) and CO (C4) is
the decrease from 1096 cm−1 to 1077-68 cm−1 from the stretching of C3-C4. In fact, the
extraction solution of WL3 had pH ~9.4, the optimum conditions for the metal chelation in
the OH at C5 and the carbonyl at C4. The analysis of luteolin, both as aglycone and with
glucosides, complexed with Al3+ is ongoing.
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Figure 3. Infrared spectra of weld lake pigments Yellow Lake. Cool tint. (WL3) and Weld yellow (WL4), and references of Lut
and Lut-7-O-glu.

Table 4. Infrared assignments for luteolin, luteolin 7-O-glucoside and weld lake pigments WL3 & WL4. Highlighted in grey
are the vibrations correlated with the A ring and positions C5-OH and C4=O, metal chelating groups.

Lut Lut-7-O-glu WL3 WL4

Literature [32]
Lut Assignments

3398 3451 3390 3375 ~3400 ν(O3’—H),
ν(O7—H),
ν(O4′—H)

3227 - - - ν(O5—H)

- - 2931 2924
1666 1657 1632 1632 1656 ν(C=O),

ν(C2—C3),
δ(O3—H)

1613 1608 1589 1589 1612 ν(C=O), δ(O—H),
δ(O4′—H)

1575 - - - 1575 ν(C=O), δ(O—H),
δ(O—H)

- 1561 - - 1561 ν(C2=C3),
δ(O5—H),
δ(O4′—H),
δ(O7—H)

- - 1535 1535 1518 δ(O7—H),
δ(O—H)A

1509 1499 1484 1489 1507 δ(O5—H)
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Table 4. Cont.

Lut Lut-7-O-glu WL3 WL4
Literature [32]

Lut Assignments

1446 1445 1456 δ(O—H)B

- - 1438 1438 1439 δ(O—H)B,
δ(O3—H)

1383 1385 1364 1360 1367 νs(C—O1—C2),
δ(O4′—H)

1341 1346 - - - n.a.

- 1314 1313 δ(O—H),
ν(C4′—O)

1307 - - - 1303 ν(C4′—O)

- 1297 - - 1284 ν(C4′—O)

1262 1272 1263 1263 1263 δ(C2—H),
ν(C2—O1),
ν(C—C), δ(O5—H)

- 1226 - - - n.a.

1210 1208 - 1206 1210 δ(O—H)A,
ν(C2—O1)

1186 1179 1178 1173 1194 δ(C6—H),
δ(O7—H)

1160 - – - 1162 δ(O—H)B,
δ(O7—H)

1117 1128 1106 1109 1120 δ(C2—H),
δ(O—H)B

1096 1089 1077 1068 1094 νs(C—O1—C2),
ν(C—O1),
ν(C3—C4), φip

A,B,
δ(O—H), δ(O7—H)

1034 1030 1049 1043 1031 νs(C—O1—C2),
φip

A,B, δ(C2—H)

1003 - - - 999 φA + φip
B

945 - - - 946 φA,B,
Δ(C3—C4=O),
ν(O1—C2)

848 840 823 843 839 γ(C2—H)

805 790 - - n.a.

768 755 765 765 766 φA

725 - - - 728 φop
A,

Γ(C3—C4=O),
γ(O5—H)

685 688 - - n.a.

Annotations: ν—stretching, φ—aromatic ring normal vibrations, δ—in-plane deformation, γ—out-of-plane deformation, Γ—out-of-plane
deformation of skeleton atoms, Δ—in-plane deformation of skeleton atoms, ip—in-plane, op—out-of-plane, s—symmetric mode.

4. Conclusions

The W&N 19th century Archive Database has proven, once more, to be an exceptional
source of information on 19th-century artists’ materials and their commercial preparation,
enabling the first study of five W&N manufacturing processes for yellow lake pigments
from weld.
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This investigation showed that W&N 19th-century methods for preparing weld lake
pigments involved extracting the dye in neutral-basic media by adding carbonate com-
pounds (KHCO3 and K2CO3) and complexation of flavonoid compounds was always
achieved by the addition of Al3+. Five bright yellow lake pigments were obtained and
characterized by a multi-analytical approach. Their chromatographic profiles display as
main yellows, luteolin 7-O-glucoside (Lut-7-O-glu) or both Lut-7-O-glu plus luteolin 3′,7-O-
glucoside (Lut-3’,7-O-glu). In two of the processes, the presence of gypsum (CaSO4·2H2O)
was detected by FTIR, being formed as a by-product of the reaction of alum and CaCO3.
This work also offers the first identification of weld lake pigments’ characteristic in-
frared bands: the stretching vibration of C=O at 1632 cm−1, the OH of C5 bending at
c. 1484-9 cm−1, the stretching of C3-C4 at 1077-68 cm−1, all clear indications of metal
complexation in positions OH (C5) and CO (C4) of flavonoid compounds.

The five recipes result in two types of lake pigments: yellows in which a filler, such as
gypsum, is present (WL1 and WL2) and yellows in which the lake pigment was found in an
aluminate matrix (WL3 as well as WL4 and WL5). In the first type, the paints’ mechanical
performance is controlled by the filler [35], and the pigments are more opaque when applied
as oil paints. On the other hand, the second type allows the preparation of translucent
paints that can be applied as glazes.

The yields obtained experimentally were very similar or better than those of W&N,
excluding recipes WL4 and WL5, which were considered experiments. In the future, we
intend to investigate variants of the processes and explore the full precipitation of the color-
ing matter as described by W&N in WL3. Moreover, since infrared spectroscopy revealed a
powerful technique for the characterization of flavonoids-metal chelation, further work is
ongoing with the analysis of other luteolin and apigenin “type-chromophores” complexed
with Al3+.

The pigment reconstructions will be fundamental to advancing on degradation studies
and supporting analytical methodologies useful for identifying weld lake pigments in
artworks, contributing to ensuring effective conservation and authentication procedures.

Supplementary Materials: The following are available online at https://www.mdpi.com/2571-940
8/4/1/26/s1.
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Abstract: The complex and colorful textiles of ancient Peru have long been a focus of technical
study, particularly to characterize the sources of the wide variety of dyes utilized by these Andean
artisans. This manuscript describes the characterization of the dyes of both primary (red, blue, and
yellow) and secondary (purple, orange, and green) colors sampled from textiles spanning five major
civilizations: the Paracas Necropolis, the Nazca, the Wari, the Chancay, and the Lambayeque, all
from Peru. All but the Paracas Necropolis samples were part of technical conservation studies of the
ancient South American textiles collections of the Michael C. Carlos Museum. Analysis of the dyes
was carried out utilizing direct analysis in real time time-of-flight mass spectrometry (DART-MS)
and paper spray MS. To validate these ambient ionization MS methods, the samples were further
investigated using high-performance liquid chromatography (HPLC) with ultraviolet-visible diode
array detection (DAD). These results show that ambient ionization MS methods are simple and fast
for characterization of the general classes of dyes, e.g., plant reds vs. insect reds, and indigoids in
blues and greens. Due to the myriad possible sources of yellow dyes and their tendency to undergo
oxidative decomposition, positively identifying those components in these yarns was difficult, though
some marker compounds and flavonoid decomposition products were readily identified by ambient
ionization mass spectrometry.

Keywords: textiles; dyes; Peru; ambient ionization mass spectrometry; DART-MS; paper spray
MS; HPLC

1. Introduction

The ancient weavers of Peru are known for their complex multicolored textiles, pre-
served in burial contexts primarily due to the dry and cold conditions of these high-altitude
locations. These textiles, which span a wide range of time and geography across the Andes,
have long been admired for their intricate workmanship and complex designs. Determin-
ing the sources of the dyes used to achieve the colors in these priceless objects has been
the object of a great amount of study over the years, dating back to work by dye chemists
Fester [1] and later Saltzman [2,3] in the mid-20th century.

The characterization of dyes in ancient textiles is challenging for numerous reasons,
including difficulty in obtaining material in sufficient quantity for analysis while minimiz-
ing damage to objects. The high tinting strength of most dyestuffs means that while the
color of the sample may be readily visible, the actual amount of colorant present may be
below the limits of detection of many analytical approaches. Degradation may complicate
the identification of dye colorants, particularly those present in the fugitive yellow dyes,
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due to photo-oxidation [4] or other decomposition pathways [5] that may occur. Further,
decomposition—either during burial or after excavation—may complicate determining
color, as what appears blue today may have once been green, but the yellow colorants have
decomposed. Colorants, or dye chromophores, are the molecules that come from the dye
preparation to impart color to a textile. It should be noted, though, that some mordants
and additives can also alter the apparent color of the dye. In some cases, identifying a
colorant also identifies the dye source, as in the case of carminic acid, which is indicative of
cochineal from Dactylopius coccus and various subspecies. Other colorants, such as luteolin
and quercetin, are found in numerous plant dye sources. Thus, characterizing the dyes in
textile samples to identify the colorants may or may not identify the dye sources that were
used by their makers.

Yellow dyes have long been considered the most difficult to identify because the
sources of yellow dyes are myriad and have many overlapping colorants in common. A
wide variety of different plants have been suggested as possible sources of yellow dyes
in pre-Columbian Peruvian textiles by previous researchers [6–8]: Bidens andicola and
other Asteraceae (including commercially available Coreopsis and Dahlia); Baccharis species,
including B. floribunda and B. genistelloides; and Alnus jorullensis. Previous work has also
investigated the composition of Kageneckia lanceolata and Hypericum larcifolium [9]. The
Asteraceae contain the chalcone colorants butein and okanin and their glycosides, while
the others, along with Chlorophora tinctoria (locally called insira), are primarily flavonoid
dyes. The flavones luteolin and apigenin and the flavonols quercetin and kaempferol are
the most abundant colorants, along with their corresponding methyl ethers [10]. Bocconia
pearcei contains the benzoisoquinoline alkaloids sanguinarine and chelerythrine [11,12].
Chuquiraga espinosa and Dicliptera hookeriana are not yet well characterized, but both appear
to be flavonoids, as well.

Early work on the identification of Andean dyestuffs relied predominantly on UV-
visible spectroscopy, and occasionally on separations by thin layer chromatography [8,13].
More recently, the bulk of research on the identification of dyes in textiles has been carried
out with chromatographic separations, primarily by high-performance liquid chromatog-
raphy (HPLC), considered the “gold standard” method for such materials. Wouters and
Rosario-Chirinos [6] reported an extensive study in which they used HPLC with diode
array detection (DAD) to separate, quantify, and identify all components of purple, red,
and blue dyes in textiles from a range of samples from pre-Columbian to Inca period
civilizations. Niemeyer et al. [14] performed HPLC dye analysis on South American red
and blue textiles, finding evidence of trade throughout the region due to the presence of
non-local dye sources. Degano and Colombini [15] described the analysis of blue and red
dyes in 11th and 13th century materials using HPLC with a variable wavelength UV-vis
detector to determine what dyes were present in textiles associated with a mummy from a
pre-Columbian site in Peru. Price et al. [16] described the identification of dyes in materials
from a pre-Columbian weaver’s toolkit. Most recently, Boucherie et al. [17] reported on
HPLC analyses of Nazca textile dyes, and Sabatini et al. [7] combined HPLC-MS/MS with
X-ray fluorescence to characterize both the mordants and dyes in Paracas textiles. HPLC is
the most effective way to separate components of dyes. Using UV-vis spectroscopy alone
to identify the components can be difficult, particularly when reference standards of the
pure colorants are unavailable, as is often the case.

Mass spectrometry (MS) has the advantage of identifying components based on their
molecular masses and, in some cases, fragmentation patterns, which are generally more
specific than UV-vis spectra. Michel et al. [18] utilized high-resolution mass spectrometry to
characterize red, blue, and purple textiles from the Atacama desert of northern Chile. They
found evidence that the Pachacamác people used both shellfish purple and combinations of
red and blue dye sources to color their textiles. This early work required a relatively large
1-centimeter-long sample to be destructively extracted in hot dimethyl sulfoxide for direct
exposure electron impact mass spectrometry. The potential of some spectroscopic methods
for non-invasive identification of dyes in Andean textiles is also of note, particularly
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applications of fiber-optic reflectance spectroscopy and Raman spectroscopy [19–21]. With
secure contexts for the materials being characterized, a great deal can be learned about the
culture and technology of the textile artists, as demonstrated by Boytner [22].

Another method that shows potential for dye analysis is direct analysis in real time
mass spectrometry (DART-MS) [23] with a time-of-flight mass analyzer. Armitage et al. [24]
undertook analysis of the dyes in red textile samples from the Paracas Necropolis period,
which had been previously identified as Relbunium. A major limitation of all soft ionization
mass spectrometric methods is the inability to distinguish structural isomers, such as
indigotin and indirubin, or alizarin and xanthopurpurin, based solely on molecular mass.
Yellow colorants are particularly difficult to differentiate with DART-MS alone, as in-
source collision-induced dissociation, useful for pure substances, yields complex results for
mixtures [25]. DART-MS and another “ambient” ionization method, paper spray, [26] have
shown potential efficacy for characterizing a wide variety of dyes in reference collections [9],
though HPLC with MS/MS detection is necessary for identifying true unknowns.

The work reported herein stems from projects carried out over several years, with
a focus on the primary colors of red, blue, and yellow as well as the secondary colors of
purple, green, and orange in dyed textiles from several pre-European contact civilizations
of South America, ranging in time from 800 BCE to 1460 CE. The sampled objects are either
from the Paracas Necropolis or have been attributed stylistically to the Nazca, Wari, and
Chancay, all of which rose and fell throughout that period within the geographic area that
is present-day Peru. Here, we compare the results of two approaches—ambient ionization
mass spectrometry and high-performance liquid chromatography—for the identification
of these dyes in yarns from ancient Peruvian textiles. We compare the capabilities and
limitations of these approaches in terms of (1) the amount of sample necessary, (2) the
limits of detection, (3) the selectivity, (4) the speed of analysis, and (5) the skill required
of the analyst. This study serves as a step in the process of validating the use of ambient
ionization mass spectrometry for characterizing dye colorants in ancient textiles.

2. Materials and Methods

2.1. Materials

From August to December 2017, the Threads of Time: Tradition and Change in Indigenous
American Textiles exhibition was on display at the Michael C. Carlos Museum at Emory
University. The objects in the exhibition had entered the museum from historical private
collections, and lacking archaeological context, they were attributed on the basis of style. As
part of the technical study in tandem with this exhibition, we undertook mass spectrometry
analyses to answer questions about the colorants. Encouraged by the exhibition curator, Dr.
Rebecca Stone, we chose to focus on the secondary colors: green, orange, and purple. The
central question was whether these colors were obtained from a single dye source or if they
were produced through overdyeing or mixing of dyes in the dye pot, or through dyeing
naturally colored yarns. The colors of dyed objects selected for this study were determined
by eye, with multiple individuals interpreting and agreeing on the colors as orange, green,
or purple. Organic color is fugitive and subject to deterioration (fading, color shift, color
loss). Even if the visible color of a dye had deteriorated, evidence of the original dye would
be expected to remain detectable through chemical analysis for characteristic compounds.
Secondary colors can be achieved by the use of mordants with a single primary dye. In
these examples, we would expect only one dye source to be identified. The secondary
colors of the objects were judged visually without assuming how the object might have
originally appeared. If an object appeared blue, it was not assumed that the yellow had
faded from a mixed green, and thus, the object was not sampled for green. In the case of
orange, in particular, it is possible that a red dye could fade to appear orange. The color was
evaluated throughout the object, confirming that protected areas (seams, insides, backs)
did not reveal evidence of color loss or shift before a sample was removed to represent a
given color.
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The objects, along with the relevant samples and the historic time periods from which
they originate, are listed in Table 1. Each sample consisted of anywhere from a few plucked
fibers of the color of interest to a snippet of yarn from a frayed edge. Yarn snippets varied
in size from a few millimeters to 2 cm or more in cases where the edge was already heavily
damaged such that sample was readily separating from the object. The samples were
collected at the Carlos Museum conservation laboratory, and the colors were determined
by consensus of those selecting and observing the collection process. The original collection
of Nazca, Wari, and Chancay samples were collected in collaboration with Dr. Cathy
Selvius DeRoo, formerly of the Detroit Institute of Arts. These samples were placed into
labeled polypropylene microcentrifuge tubes, or, in the case of the plucked fiber samples,
placed between two glass microscope slides and taped closed for transport back to the
laboratory at Eastern Michigan University (EMU) for analysis. A separate technical study
was later undertaken of another Peruvian textile from the Pacatnamú site in northern Peru,
attributed to the Lambayeque culture of the Central Andes. The Lambayeque samples
were collected in glass vials and shipped to EMU for analysis. Images of the textiles and
samples are provided in Supplementary Figures S1–S10.

For comparison through time, samples of similar primary and secondary colors from
the Paracas Necropolis period were also included in this study. These were collected at
the Museo Nacional de Arqueología, Antropología, e Historia del Perú (MNAAHP) in
Lima, Peru, by Anne Paul in 1985 from loose fibers and yarns closely associated with
mummy textiles; no fibers were removed from the textiles themselves. The colors of
these samples were determined visually by Paul when the samples were collected, and
transcribed and confirmed by Jakes [27], also through visual observation. These samples
have been stored in a climate-controlled museum storage environment at The Ohio State
University, Columbus, OH, USA, since they were collected. The samples come from a total
of four different mummy bundles in order to sample a wide range of colors and are listed
in Table 2. Images of these samples are provided in the Supplementary Figures S11–S14.

Reference samples from the Peruvian dyes collection prepared by Kay and Erik
Antúnez de Mayolo in the 1970s in collaboration with Max Saltzman were included as
comparative materials [28] in the latter stages of the project with an emphasis on the yellow
dyes. The materials in this collection were prepared on spun sheep’s wool, cotton, and
Peruvian alpaca yarns, all of unknown origin, both unmordanted and with alum mordant.
This collection was also the basis for the widely cited report on Peruvian dye plants [29].
Previous studies of portions of this collection have been reported elsewhere [9]; additional
samples not included in the reference collection attributed to Saltzman stored at UCLA,
Los Angeles, CA, USA, have been included here. The samples analyzed here were only the
alum-mordanted sheep’s wool yarns. Additional reference materials were prepared from
commercial sources as necessary, particularly for secondary colors; details can be found
elsewhere [30].

The solvents used in the methods described here were acetonitrile (ACN) of HPLC
grade (Sigma-Aldrich, St. Louis, MO, USA); deionized water (H2O) from a Barnstead Dia-
mond water polishing system; methanol, N,N-dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO), all of HPLC grade (VWR Chemicals, Radnor, PA, USA); formic acid
(FA) of high purity grade (VWR); and hydrochloric acid (HCl) and Na2EDTA both from
laboratory stocks. Trifluoroacetic acid (TFA) of ReagentPlus purity (99%) was obtained
from Sigma-Aldrich. Dye colorant reference compounds were obtained commercially from
a variety of sources. The xanthopurpurin standard was synthesized by T. Friebe and S.
Augustin, EMU Chemistry Department.
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Table 1. Textile samples from the Michael C. Carlos Museum; images in Supplementary Figures S1–S10.

Museum
Accession
Number

Object
Description

Civilization and Time
Period

Primary Colors
Secondary

Colors
Other Colors

2002.1.100 Snake band
Nazca (Early

Intermediate Period), ca.
200 CE

Pink (light red) Purple, green none

2002.1.3 Hummingbird
border Nazca, ca. 100–200 CE none Purple, green Black

2002.40.4 A–C People beans
Nazca (Early

Intermediate Period), ca.
200 CE

none Green, orange none

2002.1.148 Tie-dye textile
fragment

Wari (Middle Horizon),
ca. 500–800 CE

Yellow (2), red,
red-purple

Purple (2), green
(2) none

2002.1.1 Tie-dye textile
fragment

Wari (Middle Horizon),
ca. 500—800 CE

Blue/purple, red,
white, yellow (2)

Green,
yellow-green none

2002.1.16 Wari tunic
fragment

Wari (Middle Horizon),
ca. 500–800 CE Pink-red Orange, green Gold, salmon,

brown

2002.1.83 Fragment Wari (Middle Horizon),
ca. 500–800 CE Red Green none

2003.40.5 Wari band, frayed No additional
information available. Red, yellow Purple,

greenish-yellow Turquoise

2002.1.126 A–U Yarn balls from
weaver’s basket

Chancay (Late
Intermediate Period),

ca. 1000–1450 CE
Blue (2), white Green (2) Brown,

yellow-brown

2004.64.1 A–B Tasseled tunic
Lambayeque (Late

Intermediate Period),
ca. 900–1300 CE

Pink, red, dark
blue, light blue Green, orange

Golden brown,
light green,

brown (warp),
cream (warp)

Table 2. Paracas Necropolis samples from Museo Nacional de Arqueología, Antropología, e Historia del Perú (MNAAHP),
Lima, Peru, collected in 1985 by A. Paul. Identification numbers refer to a specific mummy bundle, specimen, and
subspecimen (bundle-specimen subspecimen) as recorded by Paul. Images of samples are found in Supplementary
Figures S11–S14.

Identification Number Object Description Primary Colors Secondary Colors Other Colors

Cave #5 12-5236 0093 Cloth (oldest) Yellow none none
310-58C 02912 Decorative border none Orange none
382-10 05904 Mantle, loose threads none Green none
382-45 02763 Skirt, loose threads and fibers Red none none
382-48 01017 Skirt fringe Blue Black (purple) none

382-49 (23808) 03174 Skirt ground cloth none Orange none
382-54 02846 Turban, loose threads Yellow, blue Green none
382-68 02929 Poncho, braid none Purple, green none
382-72 02519 Skirt embroidery threads and fringe Red Black none
421-39 03083 Mantle, loose fibers Red none none

421-132 02096 Disintegrated fibers none none Brown

2.2. Methods: Ambient Ionization Mass Spectrometry
2.2.1. DART-MS

A short section (approximately 1 mm) from the end of each yarn sample was cut off
using a clean razor blade on a clean glass microscope slide. The resulting loose fibers were
divided roughly in half for analysis, with each clump of fibers collected in the tip of cleaned
tweezers. The fibers were then introduced into the gap between the DART ionization source
(IonSense, Saugus, MA, USA) and Orifice 1 of the AccuTOF mass spectrometer (JEOL USA,
Peabody, MA, USA). The helium DART gas was heated to 350–450 ◦C as needed to obtain
good signal-to-noise ratios, and spectra were collected in both positive and negative ion
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modes using the default grid voltages in the DART controller software. The “peaks voltage”
on the AccuTOF was selected for maximum intensity in the range of interest (150–1000 Da),
while the ring lens and Orifice 2 voltages were set to ±5 V, depending on whether the
spectra were being collected in positive (+) or negative (−) ion modes. Orifice 1 was set
to ±30 V (again corresponding to the ionization mode) to minimize fragmentation. One
half of the sample was analyzed directly without any preparation, and the second half was
treated with approximately 1 μL of formic acid (88%) prior to introduction into the DART
ion source gap. Previous studies have shown that acid treatment yields a stronger signal
for most dye colorants during DART-MS analysis [25,31].

2.2.2. Paper Spray MS

Paper spray mass spectrometry (PS-MS) was carried out using a home-built ion source
consisting of an alligator clip and filter paper (Whatman No. 4, from laboratory stocks)
electrode that was powered by the AccuTOF electrospray port. For the PS-MS, +3500 V was
applied to the paper electrode, with the Orifice 1 and ring lens voltages set to +80 V and
+10 V, respectively. The tip of the paper electrode was positioned in front of Orifice 1 on
the AccuTOF. A 3 μL aliquot of the extract was placed on the paper electrode for analysis.
PS-MS was chosen for analysis as the electrospray ionization source available in the EMU
Chemistry Department required large volumes (20–50 μL) of sample.

Calibration of each data file collected on the AccuTOF from both DART and PS-MS
was carried out with PEG-600 in methanol, and files were processed using TSS Pro 3.0
software (Shrader Analytical and Consulting Laboratories, Detroit, MI, USA). Further data
analysis was undertaken with Mass Mountaineer software (various versions, RBC Software,
provided by R. B. Cody).

2.3. Methods: HPLC-DAD
2.3.1. Sample Preparation (HPLC and PS-MS)

Indigoids in the blue and purple samples were initially extracted following an adap-
tation of the procedure [15] used by Degano and Colombini. Roughly 1–2 mm of yarn
was treated with 50 μL of dimethylsufoxide (DMSO) at 60 ◦C for 60 min in a sonicator
bath, resulting in Solution I. Originally, the anthraquinone colorants were extracted from
red yarns using a 1:1 (v/v) mixture of dimethylformamide (DMF) with 0.1% Na2EDTA in
water, as reported elsewhere [32]. This mixture purportedly preserves the glycosides and
results in a more accurate representation of all the compounds present in a dyed yarn. A
50 μL portion of the EDTA/DMF solution was added to a similar size fragment of yarn in
a microcentrifuge tube, which was then sonicated at 60 ◦C for 60 min to yield Solution II.

A third protocol [33] was later determined to be more reliable, wherein yarn fragments
were extracted with 50–100 μL of 30:1 (v/v) methanol:HCl solution, hereafter referred to as
Solution III. Fibers were then sonicated for 60 min at room temperature to assist extraction.
While the EDTA/DMF extractant did likely preserve the glycosides, the chromatograms for
the textile yarns were of low quality, possibly due to a problem with the detector controller
board that was identified after a portion of the analyses were completed. As the project
spanned several years and numerous operators, the methanol/HCl extract was selected as
it appeared to be more reliable for the identification of the characteristic colorants in these
samples by HPLC and PS-MS.

2.3.2. HPLC Methods

The HPLC system consisted of a Shimadzu (Kyoto, Japan) LC-20AT pump paired
with an SPD-M20A photodiode array detector. The flow rate was 1 mL/min and a 20 μL
injection volume was used for each of the methods employed. In the method used initially
for indigoids, separations were conducted at controlled temperature (25 ◦C using a heating
tape plugged into a variable AC source, monitored with a thermocouple) on an ACE
Equivalence 5 C18 150 × 4.6 mm analytical column (VWR, Radnor, PA, USA) attached to a
C18 guard column. The analytical column used for separation of Solution III preparations

250



Heritage 2021, 4

was a Discovery C18 column from Supelco (Bellefonte, PA, USA, 25 cm × 4.6 mm and
5 μm particle size) without temperature control. For the indigoid method, deionized water
(solvent A) and acetonitrile (ACN, HPLC grade from Sigma-Aldrich, St. Louis, MO, USA,
as solvent B), each at 0.1% (v/v) TFA served as mobile phases. The program for separation
of the indigoids was 15% B for 5 min, followed by a linear gradient to 50% B in 25 min, then
to 70% B in 10 min, followed by 90% B in 10 min held for 10 min (total run time 60 min);
re-equilibration time was 15 min. For the Solution III preparations in methanol/HCl (after
Manhita et al. [32]), the mobile phase consisted of acetonitrile (A) and 2.5% (v/v) aqueous
acetonitrile with 0.5% (v/v) formic acid (B) in a gradient of 0–100% A from 0–10 min, 100%
A from 10–15 min and a 5-minute rinse of 100% solvent B between runs. UV-vis spectra
were acquired in the range of 200–650 nm with a resolution of 4 nm. Data were processed
using Shimadzu LabSolutions software.

2.4. Methods: Microscopy and Fourier-Transform Infrared Spectroscopy

Each of the ancient samples was visually inspected and photographed under mag-
nification (10×–200×) using a Dino-Lite AM4815ZT digital microscope. The samples
from the Lambayeque textile were further examined using scanning electron microscopy
with energy dispersive spectroscopy thanks to the short-term loan of a JEOL (JEOL USA,
Peabody, MA, USA) JCM-7000 NeoScope benchtop instrument, used in our curriculum-
based undergraduate research experience (CURE) in September 2019. SEM images were
collected under high-vacuum conditions with a landing voltage of 10.0 kV at a working
distance of approximately 12 mm. Animal hair—presumably camelid wool—was identified
on the basis of visible scales and the presence of S and N, while cellulose—presumably
cotton—was identified based on visible morphological features including convolutions
similar to other cotton species and a marked lack of nodal structures, along with a lack of
significant S and N signals.

When SEM-EDS was not available and fibers were not readily identifiable visually
by optical microscopy, fibers were characterized using attenuated total reflectance Fourier-
transform infrared spectroscopy. Measurements were obtained using a Pike Technologies
(Madison, WI, USA) MIRacle ATR attachment with a ZnSe crystal in a Shimadzu IRTracer
spectrometer (Shimadzu Corp, Kyoto, Japan). Spectra were collected by averaging 32 scans
at a resolution of 4 cm−1 over the range of 4000–600 cm−1. The presence of the amide I
and II bands around 1600 and 1500 cm−1, respectively, were considered characteristic of
animal hair protein. Absorbance bands at 1020 cm−1 combined with the presence of an
–OH stretching band around 3300 cm−1 were indicative of cellulose.

3. Results

The purpose of this study was twofold. First, we sought to identify the colorants
present in the yarn samples from the ancient Peruvian textiles to add to the existing body of
knowledge about the dyes used over the time periods described above, ideally to determine
the relationships between the primary and secondary colors. Second, we applied ambient
ionization mass spectrometry methods for these identifications, specifically to compare
this approach to HPLC with diode array detection, which is the most commonly reported
means of identifying dyes in archaeological and historical textiles. The two approaches
differ significantly in how much material is needed for analysis, how many colorants
can be detected and identified, and the length of time needed to complete the analysis.
The results from the analyses of the ancient Peruvian textiles are summarized in Table 3
for the samples from the collections of the Michael C. Carlos Museum and in Table 4 for
the Paracas samples from the MNAAHP. Results of the analyses of the Peruvian dyes
reference collection are presented in Table 5. Complete results, including those for the fiber
identifications, are found in Supplementary Tables S1 and S2.
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Table 3. Results for MCCM textile samples. Details in Supplementary Table S1.

Museum Accession Number Primary Colors Secondary Colors Other Colors

2002.1.100
Snake band, Nazca Light red, Relbunium Purple, Relbunium + indigo

Green, indigo + flavonoid none

2002.1.3
Hummingbirds, Nazca none Purple, Relbunium + indigo

Green, indigo + flavonoid Black, indigo

2002.40.4 A–C
People beans, Nazca none

Green, indigo + oxidized flavonol
Orange, Relbunium + oxidized

flavonol
none

2002.1.148
Tie-dye textile fragment, Wari

Yellow (2), both
unknown/oxidized flavonol

Red, Relbunium
Red-purple, indigo + Relbunium

Purple (2), both indigo +
Relbunium

Green (2), both indigo + oxidized
flavonol

none

2002.1.1
Tie-dye textile fragment, Wari

Blue/purple, indigo + Relbunium
Red, Relbunium
White, undyed

Yellow (2), both oxidized flavonol

Green, indigo + unknown
Yellow-green, indigo + oxidized

flavonol
none

2002.1.16
Wari tunic fragment Pink-red, cochineal Orange, Relbunium

Green, indigo + oxidized flavonol

Gold, oxidized flavonol
Salmon, cochineal

Brown, tannin or Juglans
2002.1.83

Fragment, Wari Red, cochineal Green, indigo + oxidized flavonol none

2003.40.5
Wari band, frayed

Red, cochineal
Yellow-brown, undyed or

oxidized flavonol

Purple, indigo + cochineal
greenish-yellow, indigo +

oxidized flavonol

Turquoise, indigo + oxidized
flavonol

2002.1.126 A–U
Yarn balls from Chancay weaver’s

basket

Blue (2), indigo + oxidized
flavonol

White, undyed

Green (2), indigo + oxidized
flavonol

Red-brown, Relbunium + oxidized
flavonol

Yellow-brown, undyed

2004.64.1 A–B
Lambayeque tasseled tunic

Pink and red, both cochineal
Dark blue, indigo + tannin?

Light blue, indigo

Light green, indigo + tannin or
oxidized flavonol

Orange, cochineal + flavonol

Golden brown and
brown (warp), oxidized flavonol

w/tannin + unknown (laccaic
acid?)

Cream (warp), undyed

Table 4. Results of the analysis of the dyes in the Paracas Necropolis samples from Museo Nacional de Arqueología,
Antropología, e Historia del Perú (MNAAHP), Lima, Peru. Details in Supplementary Table S2.

Identification
Number

Object Description Primary Colors Secondary Colors Other Colors

Cave #5 12-5236 0093 Cloth (oldest) Yellow, decomposed
flavonoid none none

310-58C 02912 Decorative border none Orange, Relbunium +
decomposed flavonols none

382-10 05904 Mantle, loose threads none Green, indigo + flavonoid
yellow none

382-45 02763 Skirt, loose threads and
fibers Red-orange, Relbunium none none

382-48 01017 Skirt fringe Blue, indigo Black (purple), indigo +
Relbunium none

382-49 (23808) 03174 Skirt ground cloth none Orange, Relbunium + flavonoid
yellow none

382-54 02846 Turban, loose and
embroidery threads Blue, indigo Green, indigo Gold, Bidens

382-68 02929 Poncho braid and ground
cloth none

Purple, indigo + Relbunium
Green, indigo + flavonoid

(unique)
none

382-72 02519 Skirt embroidery threads
and fringe Red, Relbunium Black, indigo + Relbunium none

421-39 03083 Mantle, loose fibers Red, Relbunium none none

421-132 02096 Disintegrated fibers none none Brown, Bidens +
Baccharis?
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Table 5. Results of analysis of reference samples from the Antúnez de Mayolo Peruvian dye plant collection.

Genus and
Species

Dye Sample ID
DART Negative Ion

Results
PS-MS Results HPLC-DAD Results

Galium antuneziae G 21/248

purpurin,
xanthopurpurin/alizarin,

munjistin, rubiadin,
pseudopurpurin

rubiadin,
xanthopurpurin/alizarin,

lucidin

xanthopurpurin/alizarin,
purpurin

Relbunium
ciliatum Rc

xanthopurpurin/alizarin,
purpurin, rubiadin, lucidin,
munjistin, pseudopurpurin

purpurin,
xanthopurpurin/alizarin,

rubiadin, lucidin

xanthopurpurin/alizarin,
rubiadin, purpurin

R. hypocarpium Rh 16/301,313

purpurin,
xanthopurpurin/alizarin,

rubiadin, lucidin, munjistin,
pseudopurpurin

purpurin, munjistin,
lucidin

purpurin,
xanthopurpurin/alizarin,

rubiadin

Relbunium sp. R 10/253

purpurin,
xanthopurpurin/alizarin,

rubiadin, munjistin, lucidin,
pseudopurpurin

purpurin, lucidin purpurin, rubiadin,
xanthopurpurin/alizarin

Dactylopius coccus D 26/356 nothing detected
carminic acid, dcII,

flavokermesic acid, kermesic
acid

carminic acid

Alnus jorullensis Aj 40/65 gallic acid, methyl gallate,
luteolin nothing detected nothing identifiable

Baccharis
floribunda Bf 9/255

quercetin, quercetin methyl
ether, apigenin methyl ether,

luteolin dimethyl ether,
apigenin

quercetin methyl ether,
di-O-caffeoylquinic acid,

quercetin, apigenin methyl
ether, luteolin

quercetin, isorhamnetin,
rhamnetin

Baccharis genistelloides Bg 29/320
apigenin, luteolin, luteolin

methyl ether, quercetin
methyl ether

apigenin, luteolin methyl
ether,

quercetin/hydroxyluteolin,
luteolin

apigenin, quercetin,
kaempferol

Bidens andicola Ba 2/236 luteolin/fisetin, okanin,
apigenin, butein

luteolin/fisetin, okanin,
apigenin, butein okanin, butein, luteolin

Bocconia pearcei Bp 5/245

no benzoisoquinoline
alkaloids (sanguinarine and

chelerythrine in DART
positive ion mode)

sanguinarine, chelerythrine,
norsanguinarine, protopine

sanguinarine, chelerythrine,
unknown pks at 12.3 (λmax

282) and 12.6 min (λmax 284)

Chlorophora
tinctoria insira 33/350 kaempferol, morin morin, kaempferol morin, kaempferol

Chuquiraga
espinosa Ce 24/332 kaempferol, quercetin,

isorhamnetin
kaempferol, quercetin,

isorhamnetin kaempferol, quercetin

Dicliptera
hookeriana D 26/356 quercetin nothing detected quercetin

Hypericum
larcifolium Hl 25/329 quercetin,

quercetin methyl ether
quercetin,

quercetin methyl ether
quercetin, possible

quercetin methyl ether

Kageneckia
lanceolata Kl 12a/263 methyl apigenin, (313), (299),

ursolic acid

quercetin, apigenin methyl
ether, luteolin methyl ether,

luteolin

apigenin, quercetin and/or
luteolin

3.1. Primary Colors
3.1.1. Blue

Indigo, derived from Indigofera species, including I. suffructosa and I. truxillensis,
Cybistax antisyphilitica, or other such species native to South America, are the most likely
sources of the blue colorants indigotin and indirubin in all of the investigated samples, which
is consistent with previous studies of pre-Columbian Andean textiles [6–8,14,15,17,18]. DART-
MS cannot differentiate between these two isomers, and the result is a single peak at m/z
262.07 for the M- ion in negative ion mode. DART-MS is extremely sensitive to indigoids,
and this peak (or the MH+ in positive ion mode at m/z 263.08 [34]) often dominates the
spectra of the samples in which it is present. Due to solubility issues, the signal is quite
variable in paper spray mass spectra, making this approach less than ideal for identification
of indigoids. Only HPLC-DAD was able to separate the isomers and clearly identify each
of them based on their different UV-visible spectra. While the ratio of indigotin to indirubin
has been suggested to be indicative of the dyeing process or even the altitude at which the
dyes were prepared due to the lower concentration of atmospheric oxygen content at high
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altitudes [14], the peak areas for the isomers are variable depending on the wavelength
used for integration. Further, we observed that the dark blue Lambayeque sample extracted
into dimethyl sulfoxide (one of the few solvents in which indigoids are readily soluble)
changed color from blue to reddish-purple during a delay between preparation and HPLC
analysis, indicating some shift from indigotin to indirubin in solution. Indeed, HPLC
analysis of this sample showed only indirubin, while a re-extracted sample showed both
isomers in a ratio indicating more of the indigotin and less indirubin, as expected for the
dark blue solution. Based on these observations, the ratio of the isomers should not be
interpreted as particularly meaningful. Both the DMSO and methanol/HCl extractants
were appropriate for the HPLC analyses of the indigoids. Example chromatograms, UV-vis
spectra, and mass spectra for a blue sample are shown in Supplementary Figure S15.

3.1.2. Reds

The source of red dyes in ancient South American textiles has long been of interest [2,
24,27,35,36] and, as such, has been widely studied. Plant reds consistent with those derived
from the roots of Relbunium or Galium species were used throughout the Paracas and
Nazca periods, as indicated by the presence of purpurin and other related anthraquinones.
Carminic acid from cochineal insects (Dactylopius coccus) appears later, specifically in the
Wari and Lambayeque textile fragments. Samples from the discontinuous warp and weft
textiles attributed to the Wari period showed no evidence of cochineal, only anthraquinone
compounds characteristic of the plant reds. This may be due to the difference in preparation
of these textiles, where tie- and over-dyeing were used to create the unique patterns of
“white” undyed fabric with primary and secondary color designs. The other red yarns from
the Wari tapestry weave textiles were prepared with cochineal, as indicated by the presence
of carminic acid in those samples. While the Chancay would have had access to cochineal,
the reddish-brown yarn from the weaver’s basket was clearly dyed with a plant red
consistent with a Relbunium or Galium. Example chromatograms, UV-vis and mass spectra
for a Relbunium red sample are shown in Supplementary Figure S16. Chromatograms and
mass spectra for red yarns from the Antúnez de Mayolo Peruvian dye plant collection
reference samples are part of another manuscript in preparation with Degano et al. at the
University of Pisa. Detailed results are shown in Supplementary Tables S1 and S2.

Of the anthraquinone aglycones present in the plant reds, purpurin was the major
component by HPLC. A peak at m/z 239.04 in the negative ion DART mass spectra may be
indicative of either xanthopurpurin or alizarin, both dihydroxyanthraquinones differing
only in the position of the –OH groups: xanthopurpurin is 1,3-dihydroxyanthraqui-none,
while alizarin is 1,2-dihydroxyanthraquinone. Both give nearly identical UV-vis spectra,
and under the conditions used for the majority of the HPLC analyses, both also give iden-
tical retention times as determined from multiple analyses of standards; the synthesized
xanthopurpurin used as a standard may have contained trace impurities. Under collision-
induced dissociation conditions (with the AccuTOF Orifice 1 set to 90 V), reference samples
of alizarin and xanthopurpurin yielded different mass spectra consistent with what has
been reported [24,37]. However, under these conditions, dyed yarn samples yield complex
spectra that do not clearly differentiate between these compounds. Dutra Moresi [38]
carried out significant work to characterize the anthraquinones found in various species
of Relbunium, finding that they contain no alizarin, as determined by HPLC. Negative ion
DART mass spectra of reference dyeings prepared from three Relbunium species and Galium
antuneziae [39,40] from Peru showed no consistent differences in the distribution of the char-
acteristic anthraquinone compounds, as indicated in Table 5. Differences that have been
attributed to different species may actually be due to differences in dye preparation condi-
tions such as temperature, age of the roots, pH, and mordants. Further complicating the
situation is the fluidity of the classification of these plants at the genus level [39,41]. Thus,
we have not attempted to differentiate the plant reds and consider all to be “Relbunium” for
simplicity, though further studies are warranted.
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Carminic acid and other glycosides are not well identified with DART-MS [9,25], likely
because they cannot be desorbed from the fibers solely by heat. For red samples that do
not show the characteristic peaks for the plant red anthraquinones (purpurin, rubiadin,
etc.) by DART-MS, we followed up with paper spray MS on the extracted solution used for
HPLC analysis. Carminic acid readily ionizes by this method, as do the other glycosides
characteristic of cochineal. HPLC of the same extracts showed primarily carminic acid; the
other glycosides were either not detected or not identified, as no standards were available
for comparison. Example chromatograms, UV-vis spectra, and mass spectra for a cochineal
red sample are shown in Supplementary Figure S17.

3.1.3. Yellows

The two yellow samples from the Paracas mummy fragments showed all of the hy-
droxybenzoic acid compounds that Zhang et al. [5] describe as characteristic of degradation
products of the flavonoids quercetin, isorhamnetin, and kaempferol. While signals at m/z
values consistent with the presence of a number of different flavonoids were observed
in the Cave #5 mummy sample (Table 4), none were consistent across the various mass
spectrometry methods, and none were unambiguously identifiable by HPLC. While two of
the peaks in the HPLC had retention times consistent with the benzoisoquinoline alkaloids
of Bocconia, their signal intensities were too low to yield a good spectral match. As the
positive ion DART-MS did not show any signal for sanguinarine or chelerythrine, the most
likely source of the yellow color is a degraded flavonoid. The gold sample from the loose
threads associated with the turban in bundle 382-54 (02846) appears to be most similar to a
degraded yellow obtained from Bidens or another Asteraceae, as indicated by signals at m/z
values consistent with okanin ([M-H]− at m/z 287.06) and butein ([M-H]− at m/z 271.06) by
negative ion DART-MS. For the reference samples, only those of Asteraceae (e.g., Bidens,
Coreopsis, Dahlia) showed significant signals at these m/z values. This was confirmed by the
HPLC results, which showed significant overlap in the pattern of compounds absorbing at
375 nm in the Bidens andicola sample from the Peruvian dye reference materials, as shown
in Figure 1. Reference standards of butein and okanin were used to confirm the identities
of the peaks at 7.7 min and 8.6 min, respectively.

Zhang et al. [5] described the difficulties of identifying chalcone colorants and how
they may have been missed in earlier analyses where strong acid extraction protocols were
used for HPLC analyses. Comparison of methods where the sample preparation differs is
difficult at best. The DART mass spectra for the yellow dyes in the Wari textile samples from
the Carlos collections showed primarily the degradation products of flavonoid yellows
and little or nothing else. The HPLC results, in some cases, showed peaks at retention
times different from that of luteolin, yet with markedly similar spectra, as was described by
Wouters and Rosario-Chirinos in their extensive study of ancient Peruvian textile dyes [6].
The yellows from the Wari discontinuous warp and weft textiles were not consistent
within the textiles, either due to variations in how they were prepared, degradation, or
limitations of the methods to detect such low concentrations of chromophores. It is likely
that pale undyed fibers were used to achieve the pale or off-white color observed. This
seems to be the case for the cream, white, and beige samples from the one Lambayeque
textile investigated, as well, which showed only traces of the hydroxybenzoic acids, some
contamination from carminic acid, and no compounds specific to yellow colorants.
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(a) 

(b) (c) 

Figure 1. (a) Chromatograms (at 375 nm) for the gold embroidery thread from Paracas turban 382-54 02896 (black) and
the reference sample of Bidens andicola (gray). The peak at 7.8 min was identified with a standard as okanin, and the peak
at 8.6 min is consistent with butein (see Supplementary Figure S18 for spectra). (b,c) DART mass spectra for a few fibers
of yarn from the same sample (b) and the reference sample of Bidens andicola (c), both treated with formic acid prior to
introduction into the ion source. The spectra clearly show [M-H]− ions consistent with those of butein, okanin, and another
aglycone, maritimetin. Sulfuretin is also present in the reference dye sample.

3.2. Secondary Colors

Because secondary colors were of the most interest when the initial sampling of
the textiles was undertaken, the majority of the results fall into this category. Example
chromatograms, UV-vis spectra, and mass spectra for the secondary colors purple, green,
and orange are shown in Supplementary Figures S19–S21.

3.2.1. Purple

All the purple samples contained indigoids, likely obtained by applying the indigo
vat process to yarns (or textiles) previously dyed red; this is definitely the case for the
tie-dyed discontinuous warp and weft Wari textiles, as indicated by one yarn sample
that was red on one end and purple on the other (Figure 2a). The purple sample from
the frayed Wari band (2003.40.5) was the only one containing both indigo and cochineal,
as shown by the presence of carminic acid that was detected by both PS-MS and by
HPLC. All of the other purples, from the Paracas mummies to the Nazca cross-knit looped
border fragments, contained plant reds consistent with Relbunium. Interestingly, this
also included the Wari discontinuous warp and weft textiles with tie-dye patterning.
While cochineal was available to the Wari and widely used in other textiles, perhaps the
unique construction and preparation of these textiles precluded its use for some reason.
No evidence of brominated indigoids obtained from shellfish were observed in any of
the chromatographic or mass spectrometric results, save for a single analysis early on
that indicated a trace of dibromoindigo by positive ion DART-MS, which could not be
reproduced. Wallert and Boytner [8] also noted the surprising absence of dibromoindigo in
purple samples from the south coast of Peru, near the source of the shellfish from which
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the dye is obtained. Saltzman [2], however, believed that shellfish purple was utilized
in the preparation of Andean textiles; the use of these purples was confirmed by studies
carried out by Michel et al. [18], showing brominated indigoids attributed to the use of
Concholepus concholepus.

 
(a) 

 
(b) 

Figure 2. Examples of some of the yarn samples collected for analysis. (a) Red and purple yarn
from MCCM 2002.1.148, a discontinuous warp and weft textile, showing evidence of overdyeing to
achieve the purple color. (b) Brown warp yarn from MCCM 2004.64.1 from the Lambayeque textile,
showing plying of two shades of brown cotton yarn.

3.2.2. Green

As expected, the green samples appear to be indigo overdyed onto yellow—either
dyed or naturally yellowish—yarns. Indigotin (and usually indirubin, depending on the
sample) was observed in the chromatographic profiles of all the green yarns, and was
detected as the M- ion (formed by direct Penning ionization) as well as the [M-H]− ion at m/z
262.08 and 261.07, respectively, in negative ion mode by DART-MS. Indigo was detected in
all the green samples, as well, both by DART-MS and by HPLC. Separation of the indigoid
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isomers by HPLC showed that indirubin was a minor component, and in several cases,
was not detected. Thus, the peak at m/z 262.08 in the negative ion DART spectra can be
attributed primarily to indigotin, the major constituent. The yellow components in the
green yarns were, as with the yellow yarns, difficult to interpret. The Paracas sample
of mantle threads from 382-10 05904 indicated a luteolin-based dye by both direct mass
spectrometry and by HPLC. Unfortunately, it did not directly correlate with any of the
yellow reference dyes. The Paracas poncho ground cloth yarns from 382-68 02929 indicated
a different source of yellow lacking evidence of luteolin, with a unique chromatogram.
The DART mass spectra (negative ion mode) also did not indicate the presence of any
luteolin, but peaks at m/z 343.07 and 373.09 correlate to the [M-H]− ions of eupatorin or of
cirsilineol and gardenin D, respectively. The corresponding MH+ ions were observed in
the positive ion PS mass spectra of this sample, as well. With no reference standards for
these compounds, their presence could account for the unique chromatographic profile
observed. According to Cardon [10], these compounds are found in some species of
Baccharis, though the lack of luteolin, also expected in dyes prepared from Baccharis,
complicates the identification.

The Nazca samples were all extremely small, as they were obtained from intact objects.
Only negative ion DART-MS and HPLC analyses were performed on the green samples,
showing little in addition to indigo. Luteolin and its methyl ether were observed in two
of the samples, the snake band and the hummingbird border, by DART-MS. Luteolin-like
components, differing significantly in retention time from luteolin and luteolin methyl ether
standards, were observed by HPLC. The snake band sample also showed traces (less than
1% relative abundance) of the same ions observed in the green Paracas poncho ground cloth.
A tentative identification of Baccharis seems probable for this Nazca sample. The yellow
component in the green yarn from the anthropomorphic human “bean people” border was
significantly different from the other two Nazca samples and may be completely oxidized.

Similarly, the green samples from the Wari and Lambayeque textiles showed no
significant evidence of yellow dyes. Only the yellow-green sample from the frayed Wari
band (2003.40.5) showed evidence of quercetin and kaempferol by HPLC; neither was
detected by negative ion DART-MS. Both of these compounds have been proposed to
oxidize to form the hydroxybenzoic acids described by Zhang et al. [5], all of which were
found in the Wari and Lambayeque green samples based on the presence of molecular ions
of the same mass in the negative ion DART mass spectra. The most likely explanation is
that the yellow component of the greens in these textiles has decomposed over time. As
the objects sampled at the Carlos Museum textiles came from collectors, it is reasonable
to presume that the objects were displayed and may have experienced at least some light
exposure, leading to photo-oxidation. It is also possible that the green coloration was
obtained by applying indigo to naturally yellowish or buff-colored yarns, which may
themselves contain these hydroxybenzoic acids. Further studies on naturally colored wools
are needed.

3.2.3. Orange

The orange yarn from the Lambayeque textile and the salmon fibers from the Wari
tunic contained carminic acid. All of the other orange samples had components charac-
teristic of plant reds from Relbunium in both the negative ion DART mass spectra and by
the presence of purpurin in the chromatograms. Of the Paracas samples investigated, only
the orange ground cloth from the skirt in 382-49 (23808) 03174 showed sufficient evidence
to suggest that Bidens may be the source of the yellow, based on the negative ion DART
mass spectra showing a small peak at m/z 287.06, consistent with the [M-H]− ion of okanin.
Confirmation with HPLC was not possible due to the low signal intensity. The yellow
component in the only orange sample from the Nazca textiles is likely to be oxidized, as
was the case with the green.

The salmon and orange fibers from the Wari tapestry tunic differed in their source of
red dye, with the former being carminic acid and the latter consistent with Relbunium plant
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red. Neither showed any evidence of yellow dyes. Mordants or the dyeing process (e.g.,
temperature, pH, etc.) may account for the different shades of color observed without the
addition of a yellow dye. The HPLC of the Lambayeque orange yarn showed primarily
carminic acid but little evidence for yellow dyes. The negative ion DART-MS showed
a peak at m/z 301.05, consistent with a number of possible flavonoids, along with the
decomposition products expected for flavonols. PS-MS failed to detect carminic acid in
this sample.

3.2.4. Browns

Brown yarns may be naturally colored fibers in shades of brown, or they may have
been dyed with tannins, which are difficult to identify and can be sourced from a variety of
different plants. Indeed, the brown yarn from the Wari tapestry weave tunic appears to be
undyed, as none of the methods showed any evidence of dye chromophores. The brown
fragments from the Paracas textile 421-132 02096, on the other hand, have a composition
similar to that of the gold sample from 382-54 02846 described above and consistent with
the reference samples of Bidens andicola. The presence of both butein and okanin, identified
by their [M-H]− ions in negative ion DART, could not be confirmed by HPLC due to the
low signal intensity; monitoring the chromatogram at 375 nm, a trace of butein may be
present at 7.7 min, as shown in Supplementary Figure S22.

Both the brown warp yarn (consisting of two plies, one dyed brown and one possibly
natural, Figure 2b) and the golden brown yarn from the Lambayeque textile had a peak in
the HPLC at 7.4 min with a UV-vis spectrum consistent with that of one of the laccaic acids
found in Kerria lacca, which is native to Asia and not found in South America (Figure 3).
None of the laccaic acids were detected in the paper spray mass spectra of the extracts
from these yarns, though peaks at m/z 331.05 and 353.04, consistent with the MH+ and
[M+Na]+ ions for kermesic acid, were observed in the PS mass spectra of the EDTA/DMF
extracts of both of these samples, though no carminic acid was present. Degano and
Colombini [15] observed laccaic acids in red yarn from the belt of a child mummy from the
transitional period between the Wari and Chancay cultures, overlapping the time period of
the Lambayeque, as well. These findings further emphasize the importance of developing
a database of known reference dyes available to the textile artists of ancient Peru.

Figure 3. Unusual chromatogram (at 500 nm) and UV-vis spectrum (inset) for peak at 7.402 min in the brown warp yarn
(MCCM 2002.64.1) shown in Figure 2b.
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4. Discussion

These results demonstrate the successful identification of many of the dyes present in
samples from pre-Columbian Peruvian textiles spanning more than two millennia. This
interpretation is complicated by deterioration, the use of undyed naturally colored fibers,
similarity among the wide variety of plant sources, dyeing processes, and deterioration
over time. The results presented above show the difficulty of positively identifying yellow
colorants due to their tendency to decompose, the many possible sources from which
they can be obtained, and the overlap in compositions between many of the plant sources.
These challenges affect the secondary colors, as well. If yellow colorants are not identified
in an orange or green sample, it is impossible to determine if yellow colorants were
present to begin with, if some other method of achieving those colors was utilized, or
if a naturally yellow-colored fiber was used. Mordants, dye bath temperatures, and
fermentation conditions can each affect the final color obtained from various dye plants,
perhaps enabling some secondary colors to be obtained without combining dyes.

This work also compares the results obtained by ambient ionization mass spectrometry
with results from high-performance liquid chromatography. We consider how much sample
is needed for analysis, how sensitive and selective the methods are for the dye components,
and performance characteristics such as the time required for analysis and the operator skill
necessary to carry out both the analyses and data interpretation. Each of the methods has
capabilities and limitations that make using them together the best choice for cases where
LC-MS/MS is not available, as is the case here at EMU and many other laboratories. Ideally,
dyes would be identified completely non-invasively; fiber optic reflectance spectroscopy
(FORS) and surface-enhanced Raman spectroscopy have been shown to be useful for
some dyes, particularly the reds [20,21,42]. However, these techniques are not yet as
widely available and used as are HPLC and MS. The lower limits of detection for the
colorant compounds are critical for their identification by any analytical technique and are
dependent upon the amounts of sample used for analyses and, more critically, how that
sample is prepared for analysis.

To roughly compare the limits of detection of the ambient ionization mass spectrometry
methods and HPLC-DAD, solutions of four of the colorant compounds characteristic of the
dyes identified were prepared in methanol and diluted to concentrations of 1 and 10 parts
per million (ppm). These compounds included luteolin, okanin, purpurin, and carminic
acid. Each solution was run by DART-MS (or paper spray MS in the case of carminic acid)
and by HPLC, with the chromatogram monitored at an appropriate wavelength for each
compound: 350 nm for luteolin, 380 nm for okanin, 480 nm for purpurin, and 500 nm for
carminic acid. Of the 1 ppm solutions, only luteolin was reliably identified with HPLC
using both retention time and UV-vis spectrum; all the rest were easily detected in the
10 ppm solutions at the appropriate wavelengths.

By DART-MS, both luteolin and purpurin were readily detected in the 1 ppm solutions
applied on the closed end of a capillary melting point tube, while okanin gave a large
even-electron molecular ion signal at 10 ppm, placing the LOD for okanin in solution by
DART-MS somewhere between 1 and 10 ppm. Interestingly, carminic acid was not detected
in positive ion mode with PS-MS at either concentration, likely due to the lack of Na+ ions
to aid in adduct formation. This may explain why this compound was not identified in
the orange-colored fibers from the Lambayeque textile (2004.1.64). The use of negative
ion mode would likely remedy this problem. It is important to consider how little of the
chromophore can be differentiated from background by the method of choice for small and
limited samples. Further, the sample preparation method—except in the case of DART-
MS, where none is necessary—strongly affects both the quantity and quality of the data
obtained, with different combinations of organic solvents, chelating agents such as EDTA,
and acids (formic, oxalic, HCl, etc.) yielding different results even for the same samples.
Acid strength can cause changes in the overall profile of the dye as glycosidic linkages are
broken to yield aglycone components [32,43], and some dye components including the
chalcones are decomposed by strong acids. Solubility, particularly for indigoids, further
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affects how much dye is in the solution being analyzed. How the extraction solvent(s)
disrupt the binding of mordant metal ions also influences the results.

DART-MS, in particular, is affected by the presence of certain mordants and how the
mordant and dye bind to either cellulose or proteinaceous fibers, at least for some dyes
such as logwood [39] with transition metal mordants such as Fe, Sn, and Cu. A recent
study of mordants in Paracas textiles with X-ray fluorescence spectroscopy [7] showed
that Fe and Cu may indeed have been used as mordants in Paracas textiles, which would
likely influence the signal intensity observed in the DART-MS results. The binding of dye
colorants with cotton fibers appears to be quite strong, as DART-MS spectra show reliably
stronger signals from dyes applied to wool and other animal hair yarn compared to those
dyed on cotton [25,31]. Nearly all of the fibers investigated herein were camelid wool;
two of the Paracas samples, three of the Chancay yarn balls, and three samples, including
both warp threads from the Lambayeque textile, were cotton, as identified visually with
optical and/or scanning electron microscopy or with attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR). Two of the Paracas samples yielded FTIR
spectra consistent with the presence of both cellulose and protein, which is consistent with
previous reports of some of the yarns containing a mixture of fibers [27,44].

The primary advantage of ambient ionization mass spectrometry methods is the
ability to characterize molecules with little or no sample preparation and very short
analysis times on the order of a few seconds. However, collecting data is not the same
as interpreting data, and making sense of the results takes expertise and, ideally, another
method such as HPLC-DAD for confirmation. Knowing what does and does not ionize
by DART-MS (e.g., glycosides such as carminic acid) and under what conditions (e.g.,
benzoisoquinoline alkaloids such as sanguinarine forming ions in positive mode, but not
in negative) requires analysis of known materials such as the database of Peruvian plant
dyes, as in this case. Comparing ambient ionization mass spectrometry results directly,
even with multivariate analysis, may provide more insight into dye sources that would
be difficult or even impossible otherwise. The application of these methods to art and
archaeological materials is in its infancy, and much work remains.

5. Conclusions

Here, we have shown the characterization of the dyes present in both the primary and
secondary colors found in ancient Peruvian textiles from multiple cultural periods over
a span of nearly 1800 years, including the Paracas Necropolis, the Nazca, the Wari, the
Chancay, and the Lambayeque. The dyes were identified by both direct analysis in real time
time-of-flight mass spectrometry (DART-MS) and paper spray MS, and these results were
compared to ones obtained from extraction and separation with high-performance liquid
chromatography (HPLC) with ultraviolet-visible diode array detection (DAD). The ambient
ionization MS methods were simple and fast: DART-MS required no sample preparation
at all, and paper spray results were obtained in a few seconds of analysis time once the
samples were extracted into an appropriate solvent system (30:1 methanol:HCl). In general,
the ambient ionization MS results compared well with the more traditional HPLC-DAD
analyses, which provided the advantage of separation and identification of isomeric species
(e.g., indigotin and indirubin). Analysis with DART-MS yielded the general classes of
dyes, either through rapid identification of marker compounds (e.g., indigotin/indirubin,
purpurin, luteolin, etc.) or the marked absence of such (as was the case with carminic
acid). Many of the possible yellow dyes have overlapping compositions, making their
identification difficult regardless of analytical approach. Oxidative decomposition, either
due to age or light exposure, further complicates the conclusive identification of yellow
dyes in the Peruvian textiles. Chalcone biomarkers characteristic of Bidens were observed
in some of the samples by use of DART-MS; these findings were confirmed with HPLC-
DAD. The speed and simplicity of ambient ionization mass spectrometry holds significant
promise for the identification of textile dyes using only small samples, though much work
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remains to understand the breadth and depth of possible sources of dyes available to the
artisans of the ancient Andes.

Supplementary Materials: The Supplementary Tables and Figures are available online at https:
//www.mdpi.com/article/10.3390/heritage4030091/s1. Figure S1, (a) Tapestry fragment with fish
and snake designs (MCCM accession number 2002.1.100), made of camelid fiber; attributed to
the Nazca, Early Intermediate Period. (b–d) Samples from (a). Figure S2, (a) Mantle fragment
with crossloopknit stitched embroidered border of hummingbird motifs (MCCM accession number
2002.1.3), made of camelid fiber; attributed to the Nazca, Early Intermediate Period. (b–d) Samples
from (a). Figure S3, (a) Fragments of a mantle border (MCCM accession number 2002.40.4 A-C), made
of camelid fiber; attributed to the Nazca, Early Intermediate Period. (b–c) Samples from (a). Figure
S4, (a) Tie-dye textile fragment (MCCM accession number 2002.1.148), made of camelid and cotton
fibers; Wari related, Middle Horizon. (b–h) Samples from (a). Figure S5, (a) Tie-dye textile fragment
(MCCM accession number 2002.1.1), made of camelid fiber; Wari related, Middle Horizon. (b–h)
Samples from (a). Figure S6, (a) Single interlocked tapestry administrator’s tunic (MCCM accession
number 2002.1.16), made from cotton and camelid fibers, Wari Middle Horizon. (b–g) Samples from
(a). Figure S7, (a) Brocade textile fragment with winged staff-bearer figures in headdresses (MCCM
accession number 2002.1.83), made from cotton and camelid fibers, Wari Middle Horizon. (b–c)
Samples from (a). Figure S8, (a) Woven band (MCCM accession number 2003.40.5), no additional
information available, attributed to Wari. (b–f) Samples from (a). Figure S9, (a) Weaver’s work
basket yarns (MCCM accession number 2002.1.126 A-U), cotton and camelid fibers, Late Intermediate
Period Chancay. (b–h) Samples from (a). Figure S10, (a) Red tasseled tunic fragments (MCCM
accession number 2004.64.1), cotton and camelid fibers, Late Intermediate Period Pacatnamú. (b–k)
Samples from (a), brown warp shown in Figure 2b. Figure S11, Paracas Necropolis yarn fragment
samples collected by Anne Paul in 1985 from the Museo Nacional de Arqueología, Anthropología,
e Historiadel Perú (MNAAHP). (a) Orange yarn from mummy bundle textile designated 310-58c
02912; (b) yellow yarn from mummy bundle textile designated Cave #5 12-5236 0093, cloth (oldest).
Figure S12, ParacasNecropolis yarn fragment samples collected by Anne Paul in 1985 from the
Museo Nacional de Arqueología, Anthropología, e Historiadel Perú (MNAAHP), mummy bundle
382. (a) Specimen 10, subspecimen 05904, green yarn from mantle; (b) specimen 45, subspecimen
02763, orange loose threads from skirt; Specimen 48, subspecimen 01017, (c) skirt fringe blue and (d)
black/purple (continued next page). Figure S12, continued. Specimen 49, subspecimen (23808) 03174,
(e) orange from skirt ground cloth; Specimen 54 subspecimen 02846, (f) gold embroidery threads; (g)
blue fibers from turban ground cloth; (h) green threads from turban. Figure S13, continued. Specimen
68, subspecimen02929, (i) poncho purple braid and (j) poncho border ground cloth green fibers;
Specimen 72, subspecimen 02519, (k) black skirt fringe and (l) red skirt embroidery thread. Figure S14,
Paracas Necropolis yarn fragment samples collected by Anne Paul in 1985 from the Museo Nacional
de Arqueología, Anthropología, e Historiadel Perú (MNAAHP), mummy bundle 421. (a) Specimen
39, subspecimen 03083, red loose fibers from mantle; (b) specimen 132, subspecimen 03096, brown
mantle fibers from box. Figure S14, Paracas Necropolis yarn fragment samples collected by Anne Paul
in 1985 from the Museo Nacional de Arqueología, Anthropología, e Historiadel Perú (MNAAHP),
mummy bundle 421. (a) Specimen 39, subspecimen 03083, red loose fibers from mantle; (b) specimen
132, subspecimen 03096, brown mantle fibers from box. Figure S16, Example chromatogram at
500 nm (a) for a red sample from 2002.1.1, yarn from tie-dye Wari textile, indicative of a plant red
consistent with Relbunium. UV-vis spectrum for the major peak identified as purpurin (b) detected
at 10.4 min. DART mass spectra in negative ion mode (c) and positive ion mode (d) of the same
sample. Figure S17, Example chromatogram at 495 nm (a) for a red sample from 2004.61.1, yarn
from Lambayeque tasseled tunic, indicative of insect red consistent with cochineal. UV-vis spectrum
for the major peak compared with that of carminic acid standard (b) detected at 6.6 min. Paper
spray mass spectrum (c) in positive ion mode of the same sample extracted in methanol:HCl. Figure
S18, UV-vis spectra for peaks observed in the chromatogram shown in Figure 1 in the main text.
Spectrum of peak at 7.8 min in the extract from the gold embroidery thread from Paracasturban
382-54 02896 (a), compared to the spectrum of the okaninstandard (b). Spectrum of peak at 8.6 min in
the extract from the gold embroidery thread from Paracasturban 382-54 02896 (c), compared to the
spectrum of the buteinstandard (d). Figure S19, Example chromatogram at 606 nm (a) for a purple
sample from 382-68 02929, yarn from poncho braid, indicative of both Relbunium and indigo. UV-vis
spectra for the major peaks (b) show that purpurin (λmax~480 nm) and indigotin (λmax at 606 nm)
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co-elute under the chromatographic conditions used; only a trace of indirubin (c) was observed, in
part because it does not absorb strongly at 606 nm. DART mass spectrum in negative ion mode (d)
of the same sample. Figure S20, Example chromatograms at 350 nm (a) and 606 nm (b) for a green
sample from 382-68 02929, yarn from poncho border ground cloth, indicative of indigo and an as-yet
undetermined but unique yellow. The UV-vis spectrum for the peak at 10.6 min (b, inset) is consistent
with that of indigotin. The other peaks observed at 350 nm gave similar spectra (c–f), which did
not correlate with any of the standards or reference dyes. Figure S21, Example chromatograms at
350 nm (a) and 450 nm (b) for an orange sample from 310-56c 02912, yarn from a decorative border
from a Paracas Necropolis period textile. The UV-vis spectrum for the peak at 10.5 min (b, inset) is
consistent with that of purpurin from Relbunium. No major peaks were observed at 350 nm and
none could be identified as any of the known yellow components. No signal consistent with any
of the yellow colorants was observed above 1% relative abundance by DART-MS; the negative ion
spectrum (c) shows only purpurin and caffeic acid. Figure S22, Example chromatogram at 375 nm
(a) for the deteriorated brown fibers from 421-132 03096 (brown). The chromatogram from the gold
yarn consistent with Bidens or Coreopsis is shown in gray for comparison. A trace of butein may be
present around 8.6 min, but the poor signal-to-noise ratio limits the identification. Several signals
consistent with yellow colorants from Bidens or Coreopsis were observed both by negative ion
DART-MS (b) and paper spray mass spectrometry (c); no glycosides were detected, likely due to the
sample extraction in methanol:HCl. Table S1, Detailed results from analysis of yarns from ancient
Peruvian textiles from the Michael C. Carlos Museum collections. Table S2, Detailed results from
analysis of yarns from Paracas Necropolis samples collected in 1985 by Anne Paul at the MNAAHP
in Lima, Peru.
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Abstract: The grave from Gokstad in Norway, dating to ca 900 AD, is one of the best-preserved
Viking Age ship graves in the world. The grave mound contained a variety of goods along with
human remains, buried in a Viking ship. Several textiles, including embroideries and shreds of what
might have been the ship’s tent, were also found. The colors of the textile fragments are now severely
faded, but the high quality of the embroidery made of gold and silk threads is still apparent. The
style of the embroidery is exceptional, having no equivalents in other Scandinavian graves. The
analyses by HPLC coupled with both diode array and mass spectrometric detectors revealed that
the striped “tent” cloth as well as the silk thread used for the embroidery were originally dyed with
anthraquinones of plant origin (alizarin, purpurin, pseudopurpurin, and anthragallol), markers of
madder-type dyestuffs.

Keywords: Viking Age; dyestuff; textiles; HPLC-DAD-MS

1. Introduction

The production of natural dyes for textiles was an important economic factor in the
early Middle Ages, and a number of written sources mention the production of madder for
sale [1].

The period between ca AD 750–1050 is called the Viking Age in Scandinavia. This was
a time when people from Norway, Sweden, and Denmark first began travelling to other
parts of the world on a large scale and established themselves as a political factor in Europe.
Profound social and political change took place in that period, when old religious ideas
gave way to new ones and when the Scandinavian countries gradually became unified
kingdoms [2]. The impact of long-distance trade and the establishment of urban trading
settlements played an important role, bringing the Scandinavians into contact with foreign
cultures all over the old world. New trends in arts and crafts fueled the expansion of
long-distant trades, including textiles and dyestuffs [3–5].

Given the expansion of the Scandinavian cultural and commercial routes and possible
degradation processes that have affected the textiles, it is not easy to predict which could
be the natural dyes originally used in the samples retrieved from archaeological sites. The
best-preserved textiles from the Viking Age come mainly from bogs or mound contexts.
The textiles found in the bogs constitute one of the largest and best-preserved collections of
textiles in existence [6]. The chemical study of these fabrics has permitted the identification
of a narrow range of natural dyes used in these times. Plants containing luteolin, indigotin,
and alizarin were determined in textiles from Søgårds Mose II and Skærsø [6]. These
components of natural colorants were also frequently reported in the studies performed
by Walton P. Rogers on a wide number of textile samples from the Viking Age, along
with insect dyes and lichen purples [7–9]. The earliest use of indigotin in Scandinavia
dates back to Rebild, Denmark, dated between the 4th and the 3rd century BC, while the
earliest evidence of the use of alizarin-containing madder dye in Scandinavia is dated
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to the 1st century BC, and was assessed in the textiles collection from Skærsø [10]. The
Scandinavian finds indicate that madder became a common dye source in Scandinavia
during the Migration period (AD 400–520/540) [11].

Another source of well-preserved textiles are mounds. Some people in the uppermost
social strata of society were at this time buried in ships, which were then placed in a large
burial mound. The Oseberg ship, on the board of which the bodies of two women with
very rich grave goods were found, is one of these. A rich array of textiles, both woolen
and silken, designed for a range of uses, were unearthed within this discovery. A very
important ship grave, dating to around 900 AD, was also found in Gokstad, Norway [12].
Various textiles from this grave were in good preservation conditions and included an
outstanding embroidery in silk and gold (see Figure 1). The same technique has been used
in embroideries found in other Scandinavian graves from this period, but the patterns
found in these graves are very different [13]. The embroidery from Gokstad is formed in
a flower pattern by using a combination of a gold-thread with a silk-core and threads made
of pure silk. Traces of a red color are still visible on the thread used to stitch down the
gold lamella. When studying the flower pattern in a stereo loupe, it looked like a red and
a golden color have been used in combination to form a polychrome pattern [14]. Remnants
of a ship’s tent were also found in this grave [15–17]. The remnants consist of some
150 fragments of coarse 2/2 twill textiles made of wool, intervened with fragments of rope.
Some of the textile fragments bear traces of red color, while others look undyed to the
naked eye [14].

 

Figure 1. Photographs of the embroidery in silk and gold found in the ship grave in in Gokstad, Norway. Picture by Ellen C.
Holte, Museum of Cultural History, UiO.

The most used method for the analysis of dyes in archaeological artefacts is liquid
chromatography (HPLC) with different detectors, which, after a suitable sample treatment,
allows the separation of the colored molecules and the identification of the original dyes
used. The most common setup is HPLC with spectrophotometric detectors, in particular,
diode-array (DAD), because it allows the reliable identification of several dyestuffs by
comparison with the profiles of reference materials [18]. In the past 15 years, HPLC coupled
with mass spectrometry (MS) has been successfully used for dyes analyses, providing a
higher sensitivity than HPLC-DAD, which is particularly useful in the analysis of archaeo-
logical textiles, where the sample is usually small in size and contains low concentrations of
time-altered colorants (see, in general, [19–21]). HPLC-MS also allows, thanks to the acqui-
sition of tandem mass spectra, us to identify unknown species, thus providing information
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on dyes not available as reference materials [22–24]. Different reversed phase analytical
columns have been employed for dyes analysis with mass spectrometric detection, differing
in the length of the hydrophobic chains (C8 or C18), particle size (also capillary columns
were employed), and end capping, or even presenting polar embedding, such as RP-amide
columns [23,25]. Recently, two-dimensional liquid chromatography was also employed
successfully [26].

One of the most important steps in dye analysis is the extraction/separation of the
analytes from the sample. The primary objective of the sample treatment is to find the con-
ditions in which the maximum extraction yield and minimum alteration of the molecular
profile are achieved, as reviewed in [27,28]. Most extraction methods are thus based on
complexation with organic acids such as formic, oxalic, or acetic, alone or combined with
EDTA, where mild extraction takes place [29,30]. Various organic solvents have also been
applied for the extraction of less hydrophilic compounds, e.g., dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and pyridine [31]. Finally, whenever the mild extraction does
not provide any result, harsher hydrolysis treatments may be applied, which were quite
diffused in the past, but contraindicated for labile colorants and/or materials unstable in
acidic conditions [20,31,32].

This study presents the results obtained for a set of textile samples collected from the
Gokstad Viking ship’s grave. The identification of the coloring materials was achieved
through the application of three increasingly harsh extraction procedures, based on dimethyl
sulfoxide, EDTA with DMF extraction of the dyestuff from the yarns, followed by a hydrol-
ysis in acidic condition of the residue; the analysis of the extract was performed with high
performance liquid chromatography (HPLC) with diode array detection and subsequently
confirmed with HPLC coupled with a high resolution mass spectrometric detector (ESI-Q-
ToF). The study led to the identification of the molecular markers of a relevant dyestuff
used during the Viking Age.

2. Materials and Methods

2.1. Samples

Samples of colored textiles were subjected to specific procedures to extract the charac-
teristic markers of the materials used during dyeing. The extraction procedures applied
are specific for the target molecular markers for each sample and are described in detail in
Section 2.2. Table 1 shows the samples information, the extraction procedures chosen, and
the instrumental methods applied.

Table 1. Description of the samples.

Sample Color N◦ in Gokstad Collection Description Procedure

S1 Red/brown C10389/37C Ship’s tent EDTA/DMF and HCl/MeOH
+ AcOEt extraction

S2 Yellow (white?) C10389/37C Ship’s tent DMSO and HCl/MeOH + AcOEt extraction

S3 Red (red silk?) C10459/b Red thread
silk embroidery

EDTA/DMF and HCl/MeOH + AcOEt on the
residue (both fractions injected together)

S4 Red (golden silk?) C10459/b Golden thread
silk embroidery

EDTA/DMF and HCl/MeOH + AcOEt on the
residue (both fractions injected together)

2.2. Analytical Procedures

Three analytical procedures were applied to extract the colored compounds present in
the textiles studied. The conditions of each procedure applied are reported below.

2.2.1. EDTA/DMF Procedure

A mild extraction by dimethylformamide (DMF) and 0.1% Na2EDTA 1:1 (v/v) was
first applied. Then, 200 μL of mixture solution were added to the sample; extraction
was performed at 60 ◦C for 60 min in ultrasonic bath. The supernatant was filtered with
PTFE filter (0.45 μm) and injected in the chromatographic system (20 μL). The procedure
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is particularly useful to detect the presence of labile components and in case of fragile
materials and degraded textiles [33].

2.2.2. DMSO Extraction

A specific extraction by dimethyl sulfoxide (DMSO) to maximize the recovery of
indigoids, and in particular, of photo-labile brominated indigoids, was applied to the
yellow faded sample S2, since no hints on the original color could be drawn. The procedure
consisted of an extraction assisted by ultrasounds at 60 ◦C for 5 min followed by filtration
with PTFE syringe filter (0.45 μm). The sample was kept in the dark for 5 min and then
injected into the chromatographic system.

2.2.3. HCl/MeOH Procedure

The extraction solution was a 30:1 (v/v) mixture of hydrochloric acid (HCl) in methanol
(MeOH). A total of 300 μL of MeOH/HCl solution were added to the sample and the
extraction was performed in an ultrasonic bath for 60 min at 60 ◦C, followed by liquid-
liquid extraction with ethyl acetate (3 × 200 μL). The extract was dried under a gentle
stream of nitrogen and dissolved in 200 μL of acetonitrile (ACN) before injection into the
chromatographic systems.

2.3. Instrumentation
2.3.1. HPLC-DAD

For the analysis of the extracts, a High Performance Liquid Chromatography system
equipped with a quaternary pump with degasser PU-2089 was used, with an AS-950
autosampler and coupled to a diode array spectrophotometric detector MD-2010 (all
modules were Jasco International Co., Tokyo, Japan). Data were acquired and processed
using the ChromNav software. The working conditions were as follows: acquisition of the
spectra in the range 200–650 nm with a resolution of 1 nm; chromatographic separation
conducted at room temperature (25 ◦C) on an analytical column TC-C18 (2) (4.6 × 150 mm,
particle size 5 μm, Agilent) with a guard column TC-C18 (2) (4.6 × 12.5 mm, particle
size 5 μm, Agilent), flow rate 1 mL/min. The injection volume was 20 μL. The two
eluent solutions were: A: trifluoroacetic acid (TFA 0.1% v/v) in bi-distilled water; B: TFA
(0.1% v/v) in acetonitrile (ACN, HPLC grade). The elution program started at 15% B, held
for 5 min, then a linear gradient to 50% B was applied in 25 min; re-equilibration time took
15 min.

2.3.2. HPLC-ESI-Q-ToF System

HPLC-ESI-Q-ToF MS analyses were carried out using a 1200 Infinity HPLC, coupled
with a Jet Stream ESI interface with a Quadrupole-Time of Flight tandem mass spectrometer
6530 Infinity Q-ToF detector (all modules were Agilent Technologies, Santa Clara, CA, USA).
The ESI operating conditions were: drying gas (N2, purity >98%): 350 ◦C and 10 L/min;
capillary voltage 4.5 KV; nebulizer gas 35 psig; sheath gas (N2, purity >98%): 375 ◦C and
11 L/min. The nozzle, skimmer, and octapole were set at 1000 V, 65 V, and 750 V, respectively.
High resolution MS and MS/MS spectra were acquired in negative mode in the range
100–1000 m/z with a scan rate of 1.04 spectra/sec, employing the AutoMS/MS acquisition
mode (1 precursor per cycle, CID voltage for tandem mass spectra 30 V, collision gas N2,
purity 99.999%, FWHM (Full Width Half Maximum) of quadrupole mass bandpass used
during MS/MS precursor isolation 4 m/z). MassHunter® Workstation Software (B.04.00)
was used to carry out mass spectrometer control, data acquisition, and data analysis. The
mass spectrometer was calibrated daily using Agilent tuning mix HP0321. An Agilent
Zorbax Extend-C18 column (2.1 × 30 mm, particle size 1.8 μm) with precolumn Extend-C18
column (2.1 × 12.5 mm, particle size 1.8 μm) was used for the chromatographic separation.
The injection volume was 20 μL and the flow rate was 0.2 mL/min.

The two eluent solutions were: A: trifluoroacetic acid (FA, 0.1% v/v) in bi-distilled
water; B: FA (0.1% v/v) in acetonitrile (ACN, HPLC grade). The elution program started at
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15% B, held for 1 min, then a linear gradient to 50% B was applied in 5 min, then to 70% B
in 2 min and to 90%B in 7 min; 100% was reached after further 5 min; re-equilibration time
took 5 min.

3. Results and Discussion

HPLC/DAD and HPLC-ESI-Q-ToF MS analyses were performed in order to determine
the dyestuff used in the Viking Age textiles from the Gokstad ship’s grave.

The chromatograms obtained from the extracts after DMSO extraction did not show
any relevant peaks. The extracts obtained after EDTA/DMF procedure gave satisfactory
results for sample S1, providing the highest peaks in HPLC-ESI-Q-ToF MS analysis. Only
the harsh extraction based on hydrolysis followed by extraction in ethylacetate provided
results for sample S2, S3, and S4, and was also successfully applied to S1.

The three samples S1, S3, and S4 showed (Figures 2, 4 and 5) a very similar composition,
consisting of the presence of anthraquinones typical of madder-type dyestuffs.

In detail, Figure 2 shows the Extracted Ion Chromatograms for the HPLC-ESI-Q-
ToF MS chromatograms of the EDTA/DMF extract of sample S1 from the ship’s tent,
where anthragallol, alizarin, munjistin, purpurin, and pseudopurpurin were detected. The
detected anthraquinones are typical of a madder-dye source. The overall molecular profile
was not typical of a specific dye source, although the highest content in alizarin respect
to the other components may point to Rubia tinctorum as the original raw material. The
good results obtained by the mild extraction might suggest that a relatively high amount
of dye survived in the sample, or that a different recipe was used to obtain the desired
color, with respect to the other samples. For comparison, the inset presents the results
obtained by HPLC-DAD (shown at 254 nm) relative to sample S1 after hydrolysis followed
by extraction in ethylacetate, which provided the highest peaks in the UV-Vis range.

Figure 2. EIC HPLC-ESI-Q-ToF MS chromatograms of the EDTA/DMF extract of sample S1, acquired in negative mode;
where Anth is anthragallol (EIC—m/z 255.029), Ali is alizarin (EIC—m/z 239.031), Munj is munjistin (EIC—m/z 283.002),
Pur is purpurin (EIC—m/z 255.029), and PsPur is pseudopurpurin (EIC—m/z 299.019). In the inset, the HPLC-DAD
chromatogram at 254 nm relative to sample S1 extract after HCl/MeOH + AcOEt is presented for comparison.

The second sample collected from the ship’s tent (S2, Figure 3), characterized by
a yellow/white color at the time of analysis, showed the presence of traces of alizarin and
purpurin (only detected by HPLC-ESI-Q-ToF MS, thanks to its superior sensitivity with
respect to HPLC-DAD), pointing again to the use of a madder-based dye.

Samples S3 (Figure 4) and S4 (Figure 5), collected from the embroidery, contained the
anthraquinones anthragallol, alizarin, purpurin, and pseudopurpurin; rubiadin was only
present in S3.
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Figure 3. EIC HPLC-ESI-Q-ToF MS chromatograms of the extract of sample S2 extract after HCl/MeOH + AcOEt, acquired
in negative mode; where Ali is alizarin (EIC—m/z 239.031), Pur is purpurin (EIC—m/z 255.029).

Figure 4. EIC HPLC-ESI-Q-ToF MS chromatograms of the extract of sample S3 extract after HCl/MeOH + AcOEt, acquired
in negative mode; where 4-OH-ba is 4-hydroxybenzoic acid (EIC—m/z 137.024), Anth is anthragallol (EIC—m/z 255.029),
Ali is alizarin (EIC—m/z 239.031), Munj is munjistin (EIC—m/z 283.002), Pur is purpurin (EIC—m/z 255.029), PsPur is pseu-
dopurpurin (EIC—m/z 299.019), Rubiadin (EIC—m/z 253.051). In the inset, the corresponding HPLC-DAD chromatogram
at 254 nm is presented for comparison.

Figure 5. EIC HPLC-ESI-Q-ToF MS chromatograms of the extract of sample S4 extract after HCl/MeOH + AcOEt, acquired
in negative mode; where 4-OH-ba is 4-hydroxybenzoic acid (EIC—m/z 137.024), Anth is anthragallol (EIC—m/z 255.029),
Ali is alizarin (EIC—m/z 239.031), Pur is purpurin (EIC—m/z 255.029), PsPur is pseudopurpurin (EIC—m/z 299.019). In the
inset, the corresponding HPLC-DAD chromatogram at 254 nm is presented for comparison.
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In addition, the chromatograms feature 4-hydroxybenzoic acid, most probably due to
degradation processes involving the fabric (silk) [34]. Peaks attributed to further unknown
phenols based on their early retention times and maxima of absorption around 275 nm
in the DAD spectra were also detected as highlighted in the insets in Figures 4 and 5, but
were not confirmed by HPLC-ESI-Q-ToF MS analysis.

Table 2 summarizes the results obtained by both analytical systems (HPLC-DAD,
HPLC-ESI-Q-ToF); it includes detected markers and identified dyes (associated with the
presence of these compounds).

Table 2. Molecular markers detected along with identified materials in the analyzed extracts.

Sample
Molecular Markers Detected by

HPLC-DAD
Molecular Markers Detected by

HPLC-ESI-Q-ToF MS
Identified Materials

S1 alizarin, purpurin, anthragallol alizarin, purpurin, pseudopurpurin,
munjistin, anthragallol madder-type dyestuff

S2 no peak identified alizarin, purpurin madder-type dyestuff

S3 4-hydroxybenzoic acid, phenols,
anthragallol, alizarin

4-hydroxybenzoic acid, anthragallol,
alizarin, purpurin,

pseudopurpurin, rubiadin

madder-type dyestuff; degradation
products of protein-based fibers

S4 4-hydroxybenzoic acid, phenols,
anthragallol, alizarin

4-hydroxybenzoic acid, anthragallol,
alizarin, purpurin, pseudopurpurin

madder-type dyestuff; degradation
products of protein-based fibers

4. Conclusions

In this paper, an investigation of textile samples collected from Gokstad Viking ship’s
grave by high performance liquid chromatography (HPLC) with diode array (DAD) and
high resolution mass spectrometric detector (ESI-Q-ToF MS) was performed. The use
of ESI-Q-ToF MS as a detector was paramount in order to allow us to detect not only
major but also minor compounds, and to confirm the presence of analytes in sample 2.
The presence of molecular markers attributable to madder-type dyestuff, most probably
from Rubia tinctorum, was determined in all four analyzed samples. A harsh sample
treatment, followed by purification by liquid/liquid extraction with ethylacetate, was
needed to retrieve significant amount of analytes from most samples (only sample S1
gave satisfactory results after treatment in mild conditions). This can be attributed to the
extensive degradation of the dyestuffs or the use of specific dyeing recipes which prevented
the extraction with chelating agents, requiring acidic conditions.

Madder-type dyestuffs are commonly found in graves from the Viking Age and
medieval Scandinavia: a number of written sources mentioned the use and export of
madder and surviving trace amounts of dyes interpreted as madder have been found in
a number of Scandinavian graves dating to the Viking Age [1,5,35].

With regard to the embroidery, the two samples (S3 and S4) were collected from the
threads forming a polychrome pattern [14], which looked slightly redder (S3) and more
yellow (S4) respective to each other. Although both extracts had a very similar composition,
consisting of alizarin, purpurin, pseudopurpurin, and anthragallol, the relative alizarin
and anthragallol content with respect to all other anthraquinones is much higher in the
golden sample (S4) than in the redder one (S3). Thus, the HPLC data confirmed the
visual observation, being alizarin and anthragallol more yellow than the other components,
featuring maxima of absorbance in the visible range around 430 and 410 nm, respectively,
whereas purpurin and pseudopurpurin both have maxima of absorbance higher than
480 nm. Thus, the different amounts of the components of the dyeing material suggest that
different recipes were indeed employed to obtain different shades of silk thread. Finally,
protein-based fiber degradation products were identified in the silk samples, confirming
the animal origin of the textiles [36].

In one sample collected from the tent (S1), madder-type markers were also identified,
while in S2, characterized by a yellow/white color at the time of analysis, only traces of
anthraquinones were detected related to the dyestuff. It is possible that, given the purpose
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of this textile material, only a small amount of dyestuff was applied, or it severely faded
during the use of the fabric. On the other hand, given the different results obtained for
samples S1 and S2, the tent might have been colored in two different alternating shades.

In conclusion, the application of different extraction methods along with sensitive and
selective analytical techniques allowed us to detect madder-type dyestuffs used to dye
both a red-and-white/undyed striped woolen cloth used as tent or sail, and for coloring
a delicate embroidery of silk and gold.

These new analyses provide a small but important new piece of information about
the Viking Ship grave from Gokstad, allowing us to picture the original multicolored
funerary goods.
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