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Abstract

The present contribution deals with the use of organic colourants in wall paintings, polychrome pottery and painted stone 
artworks, i.e. painted artworks on inorganic supports. The term organic colourants is referred to the chemical nature of 
these compounds but not to the way of application; therefore, organic colourants can be dyes, lakes or pigments. The use 
of organic colourants in wall paintings has been given little attention in the past, perhaps on the assumption that they were 
rarely used by ancient artists. Recent diagnostic studies, however, brought evidence that their use was not fragmentary; on 
the contrary, there seems to be continuity in the centuries, at least with regard to the most widely used such as madder, 
Tyrian purple and indigo. Sources, alteration phenomena, identification methods and analytical evidence is given for the 
main organic colourants with concern to red, yellow, green, purple and blue hues. Drawbacks and issues are discussed with 
concern to the identification techniques.
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Premise

This Topical Collection (TC) covers several topics in the 
field of study, in which ancient architecture, art history, 
archaeology and material analyses intersect. The chosen 
perspective is that of a multidisciplinary scenario, capable 
of combining, integrating and solving the research issues 
raised by the study of mortars, plasters and pigments (Gli-
ozzo et al. 2021).

The first group of contributions explains how mortars 
have been made and used through the ages (Arizzi and Cul-
trone 2021, Ergenç et al. 2021, Lancaster 2021, Vitti 2021). 
An insight into their production, transport and on-site organ-
isation is further provided by DeLaine (2021). Furthermore, 
several issues concerning the degradation and conservation 

of mortars and plasters are addressed from practical and 
technical standpoints (La Russa and Ruffolo 2021, Caro-
selli et al. 2021).

The second group of contributions is focused on pig-
ments, starting from a philological essay on terminology 
(Becker 2021). Three archaeological reviews on prehistoric 
(Domingo Sanz and Chieli 2021), Roman (Salvadori and 
Sbrolli 2021) and Medieval (Murat 2021) wall paintings 
clarify the archaeological and historical/cultural framework. 
A series of archaeometric reviews illustrate the state of the 
art of the studies carried out on Fe-based red, yellow and 
brown ochres (Mastrotheodoros et al. forthcoming); Cu-
based greens and blues (Švarcová et al. 2021); As-based 
yellows and reds (Gliozzo and Burgio 2021); Pb-based 
whites, reds, yellows and oranges (Gliozzo and Ionescu 
2021); Hg-based red and white (Gliozzo 2021) and organic 
pigments (this paper). An overview of the use of inks, pig-
ments and dyes in manuscripts, their scientific examination 
and analysis protocol (Burgio 2021) as well as an overview 
of glass-based pigments (Cavallo and Riccardi forthcoming) 
are also presented. Furthermore, two papers on cosmetic 
(Pérez-Arantegui 2021) and bioactive (antibacterial) pig-
ments (Knapp et al. 2021) provide insights into the variety 
and different uses of these materials.

This article is part of the Topical Collection on Mortars, plasters 

and pigments: Research questions and answers
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Introduction (terminology, historical 
context, technical documents, recipes)

The present contribution will deal with the use of organic 
colourants in wall paintings, encompassing also other 
painted artworks on inorganic supports such as poly-
chrome pottery and stone artworks. The use of organic 
colourants in wall paintings has been given little atten-
tion, perhaps by the artists who created the paintings, most 
probably by the scholars who later studied the paintings 
and by the diagnostics experts who analysed them. There 
are some reasons for this, that will be dealt with later. 
Let us firstly give some definitions. The term organic 

colourants refers strictly to the chemical nature of these 
compounds, irrespective of the way of application: they 
are composed mainly of organic molecules, that is, com-
pounds of carbon and hydrogen. Despite the difference on 
the method of application in painting, organic colourants 
can be either pigments, dyes or lakes:

• A pigment is a colourant not soluble in a medium, in 
which it forms a dispersion; while typically pigments 
are of inorganic nature, organic compounds not soluble 
in water can be used as organic pigments.

• A dye is a colourant soluble in the medium.
• A lake is a dye chemically or physically supported on 

an inorganic base, in such a way that it is not any more 
soluble in the medium and therefore behaves like a pig-
ment.

Dyes are of vegetal or animal origin, therefore they are 
intrinsically of organic nature. There are several hundreds 
of different dyes, some of which were used since at least 
the second millennium BC (Cardon 2007). While the main 
application of dyes has always been in textile dyeing, some 
of them have been used in painting as well, as juices, i.e. 
simple aqueous extracts, or lakes, i.e. juices chemically or 
physically fixed on white inorganic substrates. Lakes are 
specific to art of painting, but there are strong similarities 
in the mechanisms of fixing dyes on fabrics to give col-
oured garments and of fixing dyes on inorganic supports 
to give lakes: a cation, such as  Al3+, is mostly involved as 
intermediate.

While the groups of dyes and lakes contain several 
members, very few colourants, among which indigo and 
Tyrian purple, corresponded to the definition of organic 
pigments: they are in fact organic materials respectively 
of vegetal and animal origin, used mainly as textile dyes 
but insoluble in water (they are in fact vat dyes, i.e. they 
request a preliminary step in which are reduced to solu-
ble forms); therefore, they could be used as pigments in 
painting art. After the development of the oil industry, 

however, several organic pigments derived from oil were 
synthetically created, a remarkable example of which are 
the copper phthalocyanines.

A marked difference must be highlighted between the use 
of dyes/lakes from one side, and of organic pigments (indigo 
and Tyrian purple above all) from the other side: the former 
have little or no hiding power, so they were used mostly 
as transparent or translucid glazing, in order to modify the 
appearance of the macroscopic colours of mineral pigments 
applied below; the latter have body and higher hiding power, 
so they were used exactly as any other pigment.

It is well known that the palette used by artists for wall 
paintings was plenty of mineral pigments such as ochres 
and earths, but, apart from carbon-based pigments, relatively 
poor in organic colourants derived from vegetal and animal 
sources; the oldest organic colourant dye must have been 
Tyrian purple, the earliest evidence of which is reported in 
eighteenth to seventeenth century BC Minoan wall paint-
ings, while indigo and madder are attested respectively since 
thirteenth and eight centuries BC (see later). In comparison, 
the palette used for panel painting and for miniature painting 
was far richer in such colourants: kermes, cochineal, bra-

zilwood, saffron, weld, as well as indigo and madder, were 
almost indispensable for these artistic formats at least since 
Egyptian times. Why is this not true for wall paintings? The 
main reason is that most organic colourants are fugitive, that 
is they can fade in time due to the action of light and other 
chemical and biological agents. While this is not an issue for 
painted artworks intended to be kept indoors, such as illumi-
nated manuscripts and—in part—wood or canvas paintings, 
it certainly is for artworks intended for open or otherwise 
illuminated spaces, such as most wall paintings. Already in 
the end of fouteenth century, Cennino Cennini, in his Il libro 

dell’arte (Frezzato 2009), warned painters against the use 
of colourants of vegetal or animal origin in wall paintings:

• At chapter XLIV, speaking of a generical lake (it is not 
clear whether of vegetal or animal origin) he says that 
“laccha…s'adopera in muro con tempera; ma l'aria è sua 

nimica" (“lake… is used in wall painting with temperas; 
air is its enemy, however”).

• For saffron (chapter XLIX) he states “…guardi non vegga 

l'aria, ché subito perde suo colore”, (“be careful that it 
does not see the air, because it immediately loses its col-
our”).

• As to weld (chapter L), he finally says “…perde all'aria; 

non è buono in muro” (“it loses consistency in the air; it 
is not good in the wall”).

In addition, most dyes and lakes are not compatible with 
the alkaline medium used in fresco painting. Cennino Cen-
nini advises (chapter LXXII) that “…in fresco sono colori 

che non si può lavorare, come orpimento, cinabro, azzurro 
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della Magnia, minio, biaccha, verderame, e laccha” (“there 
are colours that cannot be used for fresco, such as orpiment, 
cinnabar, blue of Magna (i.e. azurite from Alemagna—Ger-
many), red lead, white lead, verdigris, and lake”); the lake 
cited by Cennini could be either of vegetal or animal origin 
as said before. This is only a part of the explanation, how-
ever, because painters would rarely use 100% true fresco 
painting; in fact, mineral pigments incompatible with alka-
line pH, such as lead white or azurite, were however used 
in wall paintings, only they were used with the appropri-
ate medium Cennini himself, in chapter LXXVII, told “…e 
nota, che ogni cosa che lavori in fresco vuole essere tratto 
a fine e ritoccato in secco con tempera” (“and notice that 
everything you work in fresco wants to be fine-tuned and 
retouched in secco with tempera”).

On the other hand, the hypothesis, highly popular among 
scholars from the 1960s onwards, that the ancient wall paint-
ings were by definition fresco paintings, has been denied on 
the basis of accurate diagnostic evidence. Different authors 
(Brecoulaki et al. 2012; Cuní 2016) brought to light the fact 
that mostly mixed painting techniques, if not techniques 
completely based on organic binders, were also used, at 
least as far as wall paintings from the Late Bronze Age to 
the Roman era are concerned; the same holds true for most 
wall paintings created in Asian cultures. A thorough work 
by Casadio et al. (2004) surveyed the historical information 
arising from ancient literary sources on the binding media 
used in wall paintings, and compared it to the analytical evi-
dence arising from modern diagnostic studies. A wide range 
of organic binders emerged that were cited in the historical 
sources from Greek-Roman age to the Renaissance, to which 
relatively few—and mostly recent—diagnostic studies cor-
responded; this may explain why it was assumed that all wall 
paintings were created with the fresco technique. In the end, 
then, the use of organic colourants in wall paintings does not 
appear to have been limited by the binding medium.

Another explanation for the limited use of organic 
colourants in wall paintings can be commercial: organic 
colourants were on average more expensive than mineral 
pigments, so their use on large painted areas, as is the 
case of wall paintings, was generally unfavourable. Prod-
uct information can be found in the few literary sources 
that provide information on the cost of colourants, such 
as in the Ricordanze by Neri di Bicci, artist in Florence 
in the fifteenth century (Santi 1976): he tells us that red 
lakes (possibly kermes or other dyes from scale insects) 
were second in price only to the precious lapis lazuli from 
Afghanistan and to superior quality azurite, probably due 
to the difficult and highly specialised production of such 
colourants. A similar information was reported by Nash 
(2010) who surveyed the proofs of payment for colourants 
supplied to the court of the Dukes of Burgundy in the four-
teenth to fifteenth century: rose and sinople, two terms that 

may refer to scale insect dyes and/or to brazilwood, ranked 
second in price after Azur d’Acre (best quality lapis lazuli) 
and on par with Azur d’Alemaigne (azurite). Of course, 
such assumptions are valid only for the periods for which 
literary sources are available, and do not necessarily apply 
to other periods.

For the reasons above explained, it is not surprising that 
the use of organic colourants in wall paintings has never 
been given adequate attention. Very few comprehensive 
reviews exist in the scientific literature. The research car-
ried out by the Getty Conservation Institute in the years 
2006–2010 (Grzywacz et al. 2008, 2010, 2011) in collabo-
ration with the Dunhuang Academy (China), surveyed all 
the biological sources that were used for the production of 
organic colourants in Asia, identifying not less than 108 
items. The information gathered was used to produce refer-
ence samples and spectral databases, to improve the diagnos-
tic potential in studying the paintings at the Mogao Caves in 
Dunhuang, China, as well as in future diagnostic works. This 
seems to be, to the author’s knowledge, the only systematic 
work on organic colourants.

Nevertheless, the world of organic colourants is worthy 
of being known also in the case of wall paintings, because 
it reveals ingenious solutions by the artists of ancient times.

As it will appear later, a survey on the scientific literature 
will reveal that the use of organic colourants in wall paint-
ings has a longer and wider tradition in Asian cultures that 
in European ones, probably due to the major availability 
of raw matters (Grzywacz et al. 2010). Moreover, in some 
cultures, e.g. Indian and Tibetan, the buon fresco painting 
technique is rarely used in favour of the secco technique 
(Agrawal 1989; Oeter and Skedzuhn-Safir 2015) that allows 
the use of a larger palette, including organic colourants that 
cannot withstand the alkaline medium of fresco painting.

Apart from the diagnostic evidences given by chemi-
cal analysis, a major part of the information can be drawn 
from ancient literary sources. As far as European sources 
are concerned, however, from Antiquity to fourteenth cen-
tury, we can rely on very few treatises, mostly compilations 
of complex and anonymous handwritten traditions, often 
interpolated with other traditions and alchemical practices. 
The most significant sources containing prescriptions for the 
preparation of vegetal colourants are as follows:

• Compositiones Lucenses or Compositiones ad tingenda 

musiva, Codice n. 490 at Biblioteca Capitolare di Lucca, 
datable between the end of the eighth century and the 
beginning of the ninth (Caffaro 2003).

• De coloribus et artibus Romanorum, text attributed to 
Eraclius and datable between the eighth and the ninth 
century (Garzya Romano 1996).

• Mappae Clavicula, datable between the ninth and the 
twelfth century (Phillipps 1847).
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  Interesting information, though more oriented towards 
the use of dyes for textile dyeing, can be found in the fol-
lowing Greek and Latin sources:

• De architectura by Marcus Vitruvius Pollio, first century 
BC to first century AD, in which the Latin author, at 
book VII, chapter XIV, speaks about some plant colours 
(De Architectura VII).

• Naturalis Historia by Pliny the Elder, first century AD, 
in which the Latin author, at books XXXIV and XXXV 
describes some plant and animal colourants used for 
painting (Nat. Hist. XXXIV/XXXV).

• De materia medica by Pedanius Dioscorides, first century 
AD, in which the Greek author describes several plant 
and animal extracts (De materia medica).

• the Leiden Papyrus (Caley 1926) and the Stockholm 

Papyrus (Caley 1927), two collections of recipes dat-
able to the third century AD, most probably written by 
the same unknown scribe.

As for Asian sources, Yu (1988) reviewed the extensive 
use of organic colourants described by ancient Chinese 
sources. According to these sources, since the sixth century 
AD vegetable and animal colourants were commonly used 
in combination with inorganic pigments. Examples were 
indigo laid under cinnabar in order to make the latter more 
purple; a mixture of vegetal and animal dyes called rouge in 
Chinese, made from lac dye, madder and safflower red, laid 
over cinnabar to make it redder; gamboge lightly applied 
over malachite to give it a more delicate shade of green.

Dyes, lakes and organic pigments in painting

Reds

Red dyes and lakes were widely used both for dyeing textile 
artworks and for painting. They were obtained by extraction 
from vegetal and animal sources; several recipes in ancient 
treatises well described the procedures to be applied (Phil-
lipps 1847; Garzya Romano 1996). A secondary source for 
red dyes and lakes involved recycling the dyes used for tex-
tiles (Kirby et al. 2017): clippings of dyed cloth were sub-
jected to extraction by boiling them in alkaline solutions, 
after which the addition of alum (potassium aluminium sul-
phate) would form a precipitate of Al(OH)3 on which the 
textile dyes were absorbed. Although this procedure was 
commonly used from late Middle Ages, recent analytical 
evidence suggests that it could have been exploited already 
in Classical Antiquity (Dyer et al. 2018).

The use of red dyes on wall paintings must have been 
very common. In fact, a great number of identification of 
a generic “red lake” are present in the scientific literature, 
unfortunately without further specification. In most cases, 

the identification was obtained by polarised light microscopy 
(PLM) that allows distinguishing mineral red pigments from 
transparent or translucid dyes and lakes, or by UV light. 
Examples of generical identification of a red lake were in 
first century AD Nabatean wall paintings at Petra, Jordan 
(Akrawi and Shekede 2010), in eighth century Carolin-
gian wall paintings at Müstair, Switzerland (Mairinger and 
Schreiner 1986; Cavallo et al. 2020), in eleventh to four-
teenth century Tibetan-Buddhist wall paintings (Goepper 
et al. 1996; Skedzuhn et al. 2013; Yong and Shiwei 2014; 
Gill et al. 2014; Oeter and Skedzuhn-Safir 2015), in the 
Mogao caves in Dunhuang, China (AA.VV. 2013). Howard 
(2003) reported on numerous occurrences of red lakes in 
English medieval wall paintings and polychrome sculptures 
but she gave a precise identification of the dyes in three cases 
only. Identification of red lakes is common in polychrome 
clay figurines of the Hellenistic period also (Tsatsouli and 
Nikolaou 2017). Despite it is probable that most of this pre-
liminary evidence could be attributed to madder lake, in 
particular when UV was used by the authors, further insights 
with more powerful techniques would be needed.

Red lakes were mostly used in wall paintings as glazes, 
due to their translucency, usually over a layer of lead white 
or of another pigment, mostly red. Their colour is not simply 
red but rather can encompass a large variety of hues, from 
dark purple to mauve, violet, red and pink. This is due to the 
fact that their preparation is largely dependent on the recipe 
used, which involves extraction from plants or insects fol-
lowed by addition of chemical reagents, among which alum, 
lime, and gypsum. In alternative, they could be used mixed 
with blue pigments to obtain a purple hue.

One important drawback of red lakes is the fact that they 
are fugitive, that is they tend to fade under exposition to 
UV–visible light (Saunders and Kirby 1994), a feature that 
may have limited their use in wall paintings compared to the 
more stable cinnabar, red lead and red ochre. However, How-
ard (2003) reported a remarkable use of red lakes for large 
external polychromies on the portals and fronts of Amiens, 
Exeter and Lausanne Cathedrals.

Anthraquinones

The most important reds are anthraquinones and have a long 
history of exploitation as textile dyes, datable to at least the 
second millennium BC (Cardon 2007). The main members 
of the anthraquinone group are madder, extracted from the 
roots of plants of the Rubiaceae family, widespread all over 
the world, and the dyes extracted from scale insects, i.e. 
insects of the superfamily Coccoidea: kermes, from Kermes 

vermilio, widespread in the Mediterranean basin as well as 
in Iran and Iraq; Armenian cochineal, from Porphyrophora 

hamelii, characteristic of the countries of the Caucasian 
area such as Armenia and Azerbaijan; Polish cochineal, 
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from Porphyrophora polonica, endemic to Eastern Europe; 
Mexican cochineal, from Dactylopius coccus, typical of 
South America; Indian lac or lac dye, from Kerria lacca, 
typical of India and Southeast Asia. The structures of the 
main molecules present in these dyes are shown in Fig. 1. 
The presence of anthraquinone red lakes on paintings can 
be identified in preliminary way by taking UV fluorescence 
images (Buzzegoli and Keller 2009) exploiting the charac-
teristic emission. Then, further information can be obtained 
by means of high-performance liquid chromatography 
(HPLC), that allows to identify the biological source of the 
dye when specific chemical markers are identified.

Vegetal anthraquinones Madder was mainly extracted from 
the roots of Rubia tinctorum, a species widely diffused in 
the Mediterranean basin, but also from Rubia peregrina and 
Rubia cordifolia (Cardon 2007). The extraction was simple 
and consisted in treating bits of roots in boiling water in 
order to extract the molecules there contained. The extract 
was then filtered and could be used as such (this can be 
called juice) to impart delicate glazes on paintings, though 
relatively weak and fugitive. More frequently, it was added 
to alum and brought to alkaline pH in order to precipitate 
on aluminium hydroxide, or fixed on a white inorganic sup-
port such as white lead, calcium carbonate, gypsum, clays 
or earths, to produce madder lake (Daniels et al. 2014). The 
lake can be used like a pigment, though with less hiding 
power and chemical resistance.

A preliminary identification of madder in paintings can 
be obtained by exploiting the typical pinkish-orange fluo-
rescence under UV irradiation. Using UV–visible diffuse 
reflectance spectrophotometry with optic fibres (FORS), 
madder shows two characteristic absorption bands occur-
ring at ca. 510 and 540 nm (Aceto et al. 2014); alternatively, 
surface enhanced Raman scattering (SERS) analysis can be 
used for a fingerprint identification (Bruni et al. 2011).Then, 
an important insight is given by HPLC analysis, useful for 
recognising the specific vegetal species of origin: a high 
amount of alizarin typically addresses the source towards 
Rubia tinctorum, but high amounts of purpurin and the 
absence of alizarin (Mantzouris and Karapanagiotis 2015; 
Fostiridou et al. 2016; Dyer et al. 2018) address the source 
to Rubia peregrina or Rubia cordifolia. Cases are reported 
in diagnostic studies on Hellenistic and Roman artefacts in 
which madder lake markers were found together with mark-
ers of scale insect dyes (Mantzouris and Karapanagiotis 
2015; Fostiridou et al. 2016; Andreotti et al. 2017; Dyer 
et al. 2018).

Madder lake was the most widely used red lake in wall 
paintings, possibly since it is the least fugitive among red 
dyes, and in the decoration of polychrome pottery (Bour-
geois and Jeammet 2020), votive shards and stone artworks. 
The oldest reported occurrences on wall paintings date as 
far back as eighth century (see list in Table 1). Brecou-
laki (2014) reports that madder lake was frequently used 
with Egyptian blue in paintings from the Bronze Age to 

Fig. 1  Structures of the main molecules present in anthraquinone dyes: (1) alizarin (madder), (2) purpurin (madder), (3) kermesic acid (kermes), 
(4) carminic acid (Armenian cochineal, Mexican cochineal, Polish cochineal), (5) laccaic acid A (Indian lac)
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Table 1  List of identification of madder in wall paintings

1 DT-MS, direct temperature resolved mass spectrometry; FS, fluorescence spectroscopy; GC–MS, gas chromatography–mass spectrometry; 
HPLC–DAD, high-performance liquid chromatography–diode array detector; HPLC–MS, high-performance liquid chromatography–mass spec-
trometry; IRFC, infrared false colour; MALDI-ToF–MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; PILI, 
photo-induced luminescence imaging; PLM, polarised light microscopy; PP, photoluminescence photography; RS, reflectance spectrophotom-

Date century Provenance Location Object/samples Technique1 Reference

8th–4th Classical Greek Corinth, Greece Wall paintings MALDI-ToF–MS Sabatini et al. (2016)

7th BC Egyptian Kawa, Egypt Wall paintings PLM Fulcher (2017)

6th–4th Campanian Cuma, Italy Polychrome terracottas HPLC–DAD Bartolucci et al. (2007)

6th–2nd Hellenistic Koroneia cave, Greece Painted astragaloi HPLC–DAD Colombini et al. (2004)

4th BC Daunian Ascoli Satriano, Apulia, Italy Painted marble HPLC–DAD Giachi et al. (2009)

4th BC Hellenistic Tomb of Eurydice, Vergina, 
Greece

Painted marble HPLC–DAD Brecoulaki (2006)

4th BC Hellenistic Tomb of Persephone, Vergina, 
Greece

Wall paintings HPLC–DAD Brecoulaki (2006)

4th BC Hellenistic Tomb of Aienia III, Nea 
Michaniona, Greece

Wall paintings HPLC–DAD Brecoulaki (2006)

4th BC Hellenistic Tomb of Potidea, Greece Painted marble HPLC–DAD Brecoulaki (2006)

4th BC Hellenistic Tomb of Aghios Athanasios, 
Greece

Wall paintings HPLC–DAD Brecoulaki (2006)

4rd–3nd Hellenistic Grand tumulus, Vergina, 
Greece

Painted marble HPLC–DAD Brecoulaki (2006)

4rd–3nd Hellenistic Tomb of the Palmettes, Lefka-
dia, Greece

Wall paintings HPLC–DAD Brecoulaki (2006)

4rd-3nd Hellenistic Greece Polychrome terracottas PP Pagès-Camagna (2010)

4rd–3nd Daunian Ascoli Satriano, Apulia, Italy Marble basin FS Wallert (1995)

4th–3rd Hellenistic Cristallini tomb, Naples Wall paintings HPLC–DAD Andreotti et al. 2017)

4th–2nd Hellenistic Delos, Greece Wall paintings MALDI-ToF–MS Sabatini et al. (2016)

4th–2nd Hellenistic Amphipolis, Greece Stone funerary monument PP Brecoulaki et al. (2006)

3rd BC Etruscan Museo ArcheologicoRegion-
ale, Palermo, Italy

Alabaster sarcophagus Gagliano Candela et al. (2019)

3rd BC Hellenistic Canosa di Puglia, Italy Polychrome terracottas PP Kakoulli et al. 2017)

3rd BC Hellenistic Canosa di Puglia, Italy Polychrome terracottas HPLC–MS Dyer et al. (2018)

3rd–2nd Hellenistic Taranto, Italy Painting on clay vessel MALDI-ToF–MS Sabatini et al. (2016)

3rd–2nd Hellenistic Thessaloniki, Greece Polychrome terracottas HPLC–DAD Mantzouris and Karapanagiotis 
(2015)

3rd–2nd Hellenistic Thessaloniki, Greece Polychrome terracottas HPLC–DAD Fostiridou et al. (2016)

1st BC Hellenistic Myrina, Turkey Polychrome terracottas PILI Dyer and Sotiropoulou (2017)

1st AD Roman Villa San Marco, Stabiae Wall paintings RS Guichard and Guineau (2002)

1st AD Roman Domus Aurea, Rome Wall paintings FS Clementi et al. (2011)

1st AD Roman Terme degli Stucchi Dipinti, 
Rome

Painted fragments GC–MS Gismondi et al. (2018)

1st AD Roman Pompeii Pigments SERS Marcaida et al. (2018)

1st–2nd Parthian Uruk, Iraq Painted stuccoes HPLC–DAD Simpson et al. (2012)

2nd AD Roman Hierapolis, Turkey Painted sculptures HPLC–DAD Bracci et al. (2019)

2nd AD Greek Korinthos, Greece Wall paintings HPLC–DAD Karapanagiotis and Chryssoula-
kis (2006)

Roman age Roman Vaison-la-Romaine Wall paintings RS Guichard and Guineau (2002)

12th AD Persian Mount Sofeh in Isfahan, Iran Wall paintings HPLC–MS Holakooei et al. (2020)

13th–14th English Ante-Reliquiary Chapel, 
Norwich

Wall paintings FS Howard (2003)

14th AD English St. Albans Cathedral Polychrome statue DT-MS Howard (2003)

14th–15th Indo-Tibetan Saspol caves, Ladakh Wall paintings IRFC Pinto et al. (2018)

16th AD Portuguese Convent of Christ, Tomar, 
Portugal

Wall paintings HPLC–MS Manhita et al. (2016)
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Hellenistic times, either in mixture or in superimposed lay-
ers; the same was reported by Guichard and Guineau on 
Roman age paintings (2002).

A list of identification is reported in Table 1.

In one case, a pink-purple pigment found in Pompeii 
(Clarke et al. 2005), madder was identified together with 
ellagic acid, a chemical marker of hydrolysable tannins used 
in the dyeing of textiles: these evidences suggest that the 
lakes were prepared from clippings of dyed cloth, a practice 
commonly reported for medieval lakes but rarely reported 
for Hellenistic-Roman times.

It is interesting to note that most of the diagnostic 
studies on ancient paintings report the predominant, if 
not exclusive, presence of purpurin in place of aliza-
rin, a chemical composition very different from that 
recorded in the madder lakes used in later western Euro-
pean canvas paintings. It is possible that this difference 
be related to different methods of preparation of the 
lakes, but more probably it reflects the use of a differ-
ent plant source, i.e. Rubia peregrina rather than Rubia 

tinctorum.

Animal anthraquinones Dyes and lakes from scale 
insects were considerably more expensive than mad-
der, at least according to the medieval and Renaissance 
literary sources available. Pharmacy price lists in fif-
teenth to sixteenth century Germany (Burmester and 
Krekel 1998) suggest that madder was even 40 times 
cheaper than grana, the name with which kermes was 
indicated in Italian medieval treatises. Similarly lac 
dye or Indian lac, the red dye extracted from the scale 
insect Kerria lacca, native to India and south-eastern 
Asia, was considered as an exceptionally expensive 
material, inferior in price only to gold and ultramarine 
(Kirby 2000; Howard 2003). The use of such lakes on 
wall paintings must be always regarded as symptom 
of high-quality commissions. Therefore, it is not sur-
prising that the number of identification of lakes from 
scale insects be lower than for madder.

The identification of scale insect dyes and lakes is 
not easy in a non-invasive way. Using FORS, scale 
insect dyes show two characteristic absorption bands 
occurring at slightly longer wavelengths than in mad-
der (Aceto et  al. 2014). It is not possible, however, 
distinguishing the various scale insect dyes among 
themselves on the basis of FORS features; this requests 
micro-invasive techniques, such as SERS (Bruni et al. 

2011) or HPLC (Shahid et al. 2019) by detection of the 
chemical markers specific for each dye.

Howard et al. (2020) reported only two occurrences of 
kermes in English medieval wall paintings: in the four-
teenth century scheme in the chapter house of Westminster 
Abbey in London, most probably a sign of the importance 
of the Westminster paintings, and over the late fourteenth 
century tomb of the Black Prince in Canterbury Cathedral, 
in this case along with lac dye and madder. Highly remark-
able evidences of kermes were recently given by Osticioli 
et al. (2019) who identified the lake in one of the most 
famous wall paintings, Leonardo da Vinci's Last Supper, 
kept in Santa Maria delle Grazie church in Milan, and in 
Masolino da Panicale’s Beheading of St. John the Baptist, 
kept in the baptistery of in Castiglione Olona (Varese, 
Lombardy), both datable to fifteenth century; the analyti-
cal technique used was Subtracted Shifted Raman Spec-
troscopy (SSRS).

Two other scale insect dyes are Armenian cochineal 
from Porphyrophora hamelii, and Polish cochineal from 
Porphyrophora polonica. They were widely used in tex-
tile dyeing in Europe and Central Asia, but in painting 
the evidence is at present few. A single identification is 
known: in a collection of Hellenistic terracotta funeral 
figurines found in Thessaloniki (Macedonia, Greece), 
datable to third to second century BC, HPLC–DAD 
analysis on samples from pink lakes identified the pres-
ence of carminic acid, marker for cochineal; the absence 
of kermesic and flavokermesic acid, markers for Polish 
cochineal, suggested that Armenian cochineal was the 
dye used for the preparation of the lakes (Mantzouris 
and Karapanagiotis 2015; Fostiridou et al. 2016); the 
scale insect dye was found together with purpurin, 
possibly originating from Rubia peregrina or Rubia 

cordifolia.
Mexican cochineal, the dyestuff extracted from Dacty-

lopius coccus, has a long history of use in South America 
(Cardon 2007). After the conquest of Mexico by Hernan 
Cortés in 1521, cochineal was exported in Spain and then to 
the rest of Europe and Asia and soon became highly appreci-
ated, becoming the second-most profitable trade item from 
the New World after silver (Anderson 2015). This was due 
to the high content of dye in the insects’ body, estimated at 
10 times than that contained in the European and Asian spe-
cies. In South America, while the lake appears to have been 
frequently used in manuscripts and documents, its presence 
is only suggested in wall paintings from the Maya and Zapo-
tec sites (Brittenham 2015). Magaloni-Kerpel attributed to 
Mexican cochineal (although without analytical evidence), 

etry; SERS, surface enhanced Raman scattering.

Table 1  (continued)
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the organic lakes found in the paintings of some Zapotecs 
tombs in the Central Valleys of Oaxaca, Mexico, datable 
between 200 BC and 800 AD; the lakes were mixed with 
hematite or with hematite and cinnabar to make what has 
been called “Zapotec Red” for the backgrounds of scenes 
of funerary rituals (Magaloni-Kerpel 2010). Further inves-
tigation is of course needed to understand the real extension 
of the use. In the European textile dyeing sector, cochineal 
quickly replaced the other species, but it is hard to evaluate 
how such phenomenon occurred in European painting, due 
to the low number of precise identification; the lake has been 
identified in canvas paintings (Anderson 2015), but no case 
are reported in wall paintings.

Slightly higher is the number of identification of Indian 
lac or lac dye, the red dye extracted from Kerria lacca, a 
scale insect species typical of India and Southeast Asia. 
Among the anthraquinone dyes extracted from scale insects, 
lac dye must have been particularly appreciated; this would 
explain the fact that it was imported in the Mediterranean 
basin from the very distant India already in the Hellenistic 
period.

A list of identification of the main scale insect dyes and 
lakes is reported in Table 2.

A remarkable case is the purple pigment found on 
third century BC terracotta oinochoes from Canosa di 
Puglia, southern Italy (Dyer et al. 2018) in which the 
authors reported the contextual identification of lac dye, 
of purpurin (marker for a dye extracted from a plant of 
the Rubiaceae family) and of ellagic acid (indicative of 
hydrolysable tannins used in the dyeing of textiles): this 
is one of the earliest evidence of the production of organic 
lakes from clippings of dyed cloth. Zhou et al. (2020) 
recently reported on the use of lac dye as mordant for 
adhering gold foils in the wall paintings of Kizil Grottoes, 
north-western China, datable between fifth and seventh 
century AD.

Brazilwood

Apart from the anthraquinone dyes, there are many other 
red dyes, mostly of vegetal origin. All of them, however, 
have been rarely used on wall paintings. Brazilwood is 
extracted from the bark of Caesalpinia sappan L., a plant 
typical of South-east Asia imported in Europe from the 
tenth century, or of Caesalpinia echinata and Haema-

toxylum brasiletto, South American species imported in 

Table 2  List of identification of lac dye in wall paintings

1 Ac, Armenian cochineal; Ke, Kermes; Ld, lac dye; Mc, Mexican cochineal; Pc, Polish cochineal.
2 FT-IR, infrared spectrophotometry; HPLC–DAD, high-performance liquid chromatography–diode array detector; HPLC–MS, high performance 
liquid chromatography–mass spectrometry; Raman, Raman spectroscopy.

Species1 Date Provenance Location Object/samples Technique2 Reference

Ac 3rd–2nd Hellenistic Thessaloniki, Greece Polychrome terracottas HPLC–DAD Fostiridou et al. (2016)

Ke 14th AD English Westminster Abbey, London Wall paintings HPLC–DAD Howard et al. (2020)

Ke 14th AD English Canterbury Cathedral Stone sculpture HPLC–DAD Howard et al. (2020)

Ke 14th AD English British Musem, London Alabaster panels HPLC–MS Pereira-Pardo et al. (2019)

Ke 15th AD Italian The Last Supper, Leonardo da 
Vinci

Wall paintings Raman Osticioli et al. (2019)

Ke 15th AD Italian The Beheading of St. John the 

Baptist in the Baptistery, 
Masolino da Panicale

Wall paintings Raman Osticioli et al. (2019)

Ld 3rd BC Greek Canosa di Puglia, Italy Polychrome terracottas HPLC–MS Dyer et al. (2018)

Ld 5th–7th Buddhist Kizil Grottoes, China Wall paintings HPLC–MS Zhou et al. (2020)

Ld 9th–10th Chinese Mogao caves in Dunhuang, 
China

Wall paintings HPLC–MS AA.VV. (2013)

Ld 11th–12th Tibetan Nako Monastery, Northern 
India

Wall paintings HPLC–DAD Bayerová (2018)

Ld 13th–14th English Westminster Abbey, London Wall paintings HPLC–DAD Howe (2006)

Ld 14th AD English Westminster Palace, London Painted fragments HPLC–DAD Howard et al. (2020)

Mc 2nd BC–8th AD Zapotecs Oaxaca, Mexico Wall paintings undefined Magaloni-Kerpel (2010)

Mc 3rd–9th Maya Náprstek Museum in Prague Polychrome terracottas FT-IR Klouzkova et al. (2018)

Mc 16th–17th Spanish Augustinian ex-convents in 
Mexico

Wall paintings Raman Ruvalcaba-Sil et al. (2017)

Mc 17th–18th Spanish Colonial missions, Chihuahua, 
Mexico

Wall paintings FORS Casanova-González et al. 
(2020)

Mc 18th AD Andean San Andrés de Pachama, Chile Wall paintings HPLC–DAD Tomasini et al. (2018)
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Europe from the sixteenth century. It was widely used in 
textile dyeing (Cardon 2007) and in miniature painting 
(Vitorino et al. 2016), in particular in Late Middle Ages 
and Renaissance Europe. The structure of brasilein, the 
main molecules of brazilwood, is shown in Fig. 2. The 
identification of brazilwood is possible by means of FORS 
(Aceto et al. 2014), spectrofluorimetry (Melo et al. 2014) 
or SERS (Bruni et al. 2011). However, possibly due to 
the fact that it was considered the most fugitive among 
red dyes, the use of brazilwood in wall paintings has been 
demonstrated only two times (Howard 2003): in the four-
teenth century choir screens at Cologne Cathedral and in 
the already cited fourteenth century paintings in the chap-
ter house of Westminster Abbey in London, where it was 
found mixed with kermes, possibly as a consequence of the 
use of lakes extracted from a dyebath of cloth clippings.

Safflower red

Safflower red is one of the two colourants extractable in 
water from the Carthamus tinctorius plant. While safflower 
yellow (C.I. Natural Yellow 5) is extracted at neutral pH, saf-
flower red (C.I. Natural Red 26) is extracted at alkaline pH. 
Both were used as textile dyes since ancient times (Cardon 
2007). The structure of carthamin, the main molecule pre-
sent in safflower red, is shown in Fig. 3. The identification 
of safflower yellow and red is possible by means of HPLC 
(Wouters et al. 2010) or SERS (Bruni et al. 2011). Their 
use in wall paintings, and in overall painting art, is however 

uncertain since they have never been identified on such art-
works up to now. Wouters et al. (2010, 2011a, b) verified 
the possibility of preparing safflower pigments by follow-
ing ancient Chinese texts, and produced reference samples. 
Documents found in the famous caves of Mogao (Gansu 
province, China) attest the use of safflower red according 
to donors offering the colourant for decorating the caves 
(Shekede et al. 2010)..

Yellows

Despite the availability of several yellow dyes used in textile 
art and handed down to canvas and miniature painting, such 
as saffron, weld, and turmeric, very few of them are suit-
able for wall painting for the reasons previously detailed 
by Cennino Cennini. In the Mediterranean world, yellow 
organic colourants have been rarely identified. Considering 
the most important class of yellow dyes as far as textile dye-
ing is concerned, that is the flavonoids, there is one case 
reported in the scientific literature: in the Roman necropolis 
of Carmona, Sevilla (Spain), datable from the first century 
BC to the second century AD, in a recent study on the wall 
paintings (Jorge-Villar et al. 2018), the authors identified 
weld, the dye extracted from the Reseda luteola plant, in 
admixture with blue for obtaining a green colour, as sug-
gested by Vitruvius (De Architectura VII, 14, 2). Akrawi and 
Shekede (2010) reported a generic “yellow organic matrix” 
in their study of first century Nabatean wall paintings at 
Petra (Jordan). It must be considered, however, that the iden-
tification of yellow dyes is more difficult than that of red 
dyes using non-invasive techniques. The spectral features of 
the different dyes in FORS analysis are not specific enough 
(Aceto et al. 2014). Therefore, micro-invasive techniques 
are generally needed. SERS (Bruni et al. 2011) and HPLC 
(Lech 2020) provide the best diagnostic power for a selec-
tive identification.

However, if we look beyond Europe, some solutions also 
appear for this colour area. In the ninth to tenth century 
AD wall paintings at Mogao Cave 85 in Dunhuang (China) 
where traces of genistein found by means of HPLC–MS 
suggested an original presence of a yellow flavonoid 
dye, now probably faded (AA.VV. 2013); the authors 
of the study suggested that one possible vegetal source 
could be the Asian orange-dye-yielding plant Flemingia 

macrophylla.

Indian yellow

An organic pigment with a very peculiar story is Indian yel-

low: originally introduced in India from Persia in fifteenth 
century AD (Ploeger and Shugar 2017), it was produced from 
the urine of cows fed only with mango leaves, a practice that 
generated a powdery pigment with a beautiful yellow colour 

Fig. 2  Structure of brasilein, 
the main molecule present in 
brazilwood

Fig. 3  Structure of carthamin, the main molecule present in safflower 
red
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but also condemned cows to starvation. This made the produc-
ers of the pigment quite unpopular among Hindi people, so 
that the whole production was prohibited in 1908 (Baer et al. 
1986). The composition of Indian yellow has long been part of 
a mystery. According to many literary sources of the past, it was 
unclear whether its origin was vegetal or animal (Ploeger and 
Shugar 2017 and references therein); in addition, on the colour 
market, it was frequently adulterated or substituted with cheaper 
pigments such as chrome yellow, tartrazine or cobalt yellow. It 
is now consolidated the fact that true Indian yellow is a mixture 
of  Ca2+ and  Mg2+ salts of euxanthic acid (structure in Fig. 4) 
and of other compounds, among which euxanthone (Tamburini 
et al. 2018). Indian yellow was used mainly for watercolour 
and tempera-like paints, and therefore its main application was 
in miniature painting, but since it was found to be resistant to 
alkali (Field 1809), its use in fresco painting was suggested. 
The identification of Indian yellow can be obtained by means 
of Raman spectroscopy (de Faria et al. 2017) or HPLC–MS 
(Tamburini et al. 2018). At present, however, only two cases 
of identification in wall paintings are reported: the seventeenth 
century paintings within the Garh Palace in Bundi, Rajasthan 
(India) (Tamburini et al. 2018) and paintings datable between 
fifteenth and eighteenth century in a church in the Skopje For-
tress (Macedonia) (Tanevska et al. 2009).

Gamboge

Another yellow vegetal dye is gamboge, extracted from the 
latex of trees of Garcinia genus, indigenous to south-east-
ern Asia. This colourant, which is composed by structure 
is shown in Fig. 5, was frequently used in far eastern Asian 
painting schools, but its occurrence in wall paintings has 
been evidenced only once, in a yellow glaze identified by 
means of Raman spectroscopy and HPLC–DAD in eleventh 
to twelfth century AD Buddhist wall paintings at Nako Mon-
astery, in northern India (Bayerová 2018). Due to the relative 
difficulty in its identification, it is possible that it had been 
used in other unreported instances, however. Riederer (1977) 
tentatively hypothesised the use of gamboge, kermes and 

madder lake for Late Antique and early medieval Asian wall 
paintings, kept at the Asian Art Museum in Berlin.

Greens

The use of organic greens on wall paintings has been quite 
limited. The few available green dyes (iris from the petals of 
Iris germanica, sap green from the ripe berries of Rhamnus 

cathartica L.) were so poorly reliable that dyers themselves, 
to dye in green, referred using double dyeing with indigo and 
a yellow dye rather using green dyes. Two green colourants 
of partial organic nature can be included in the discussion: 
verdigris and copper resinate.

Verdigris

A partially organic pigment is verdigris, an umbrella 
term for a complex mixture of hydrated  Cu2+ acetates 
with different hydration and basicity degrees, as well as 
slightly different colours. The following compounds are 
reported (Chaplin et al. 2006; San Andrés et al. 2010): 
Cu(CH3COO)2·H2O, [Cu(CH3COO)2]·2[Cu(OH)2], 
C u ( C H 3 C O O ) 2 · 3 C u ( O H ) 2 · 2 H 2 O 
[ C u ( C H 3 C O O ) 2 ] · C u ( O H ) 2 · 5 H 2 O , 
[ C u ( C H 3 C O O ) 2 ] 2 · C u ( O H ) 2 · 5 H 2 O ,  a n d 
[Cu(CH3COO)2]2·Cu(OH)2·5H2O. This variability is a con-
sequence of the variations in the recipes which basically 
refer to the action of vinegar on copper but can include 
wine making by-products, soap, honey, sodium or ammo-
nium chloride, and urine. Copper can be exposed to vinegar 
vapours or directly immersed into vinegar; moreover, the 
exposure time can vary from 15 days to 6 months. Among 
the green colourants used in painting, verdigris is one of 
the most important. In miniature painting, it was the most 
commonly used since early Middle Ages. Even before, it 

Fig. 4  Structure of euxanthic acid, the main molecule present in 
Indian yellow

Fig. 5  Structure of gambogic acid, the main molecule present in gam-
boge
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was mentioned by Theophrastus, Dioscorides and Pliny the 
Elder. Pliny, in particular (Nat. Hist. XXXIV, 26), wrote 
about the frequent use of aerugo (verdigris) and detailed the 
various passages of its production. From his chronicle, we 
can guess that in Roman times it was a valuable pigment, 
since he also stated that it was often falsified. The identifica-
tion of verdigris can be obtained by means of Raman spec-
troscopy (San Andrés et al. 2010). Despite ancient literary 
evidence, the occurrence of verdigris in wall paintings of 
Greek-Roman age has been rarely reported and never as the 
main green pigment. Kakoulli (2002) in her survey on Late 
classical and Hellenistic paintings artworks, did not report 
verdigris in any instance. Villar and Edwards (2005) ana-
lysed samples from several paintings excavated in first cen-
tury BC to first century AD Roman villas in Burgos (Spain) 
but identified the pigment in a single instance. A more fre-
quent use is instead reported in the Middle Ages. Cennino 
Cennini, in chapter LXXII of his Il libro dell’arte treatise, 
warned not to use verderame (verdigris) in the buon fresco 
painting technique, which is consistent with the instability 
of the pigment in lime; he does not, however, warn against 
its full use in wall painting. Damiani et al. (2014) identified 
verdigris in the dark green areas on the fourteenth century 
Madonna and Child enthroned with Saints wall painting of 
Ambrogio Lorenzetti, kept inside St. Augustine church in 
Siena, Italy. Fioretti et al. (2020) recently identified verdi-
gris mixed with green earth in the fifteenth century paint-
ings at S.ta Maria Veterana, near Bari (Apulia, Italy). How-
ard (2003) reported several cases of the use of verdigris in 
Gothic wall paintings in England, as well as in polychrome 
sculpture artworks, together with accounts for the purchase 
of the pigment that in late medieval England seemed to be 
cheap and readily available. Another evidence of the use of 
verdigris in the context of medieval England was in the poly-
chromy of a fourteenth century alabaster statue kept in the 
British Museum collection (Pereira-Pardo et al. 2019). Rol-
lier-Hanselmann (1997) cited the identification of verdigris 
in Romanesque wall paintings in France, as well as in early 
medieval wall. Verdigris was found applied with oil paint-
ing and mostly mixed with lead white in all cases detected, 
coherently with the suggestion of Cennino Cennini.

Copper resinate

Another partially organic green pigment, and an umbrella 
term as well, is copper resinate. It is a synthetic colourant 
obtained by boiling a copper salt, usually verdigris, with dif-
ferent organic ingredients, among which Venice turpentine, 
colophony, pine resin, or mastic, characterised by a high 
content in terpenic compounds, but also siccative oils. The 
resulting product is a translucid green pigment with low hid-
ing power, useful for glazes. It was produced since the eighth 
century and it is reported to be used, at least on canvas 

painting, up to the seventeenth century, but its poor resist-
ance to fading was at any rate well known to artists. The 
identification of copper resinate is complicated by the fact 
that it is not easy to understand the role of verdigris in the 
preparation; Raman spectroscopy can be used (Conti et al. 
2014) but confirmation must be given by detection of the 
resinous compounds involved. The features of copper resin-
ate are particularly unsuitable for wall paintings, and not 
surprisingly up to know it has been evidenced in very few 
instances: in thirteenth to fourteenth century wall paintings 
in San Juan del Hospital Church in Valencia (Spain), made 
by an anonymous artist (Doménech-Carbó et al. 2000), in 
the twelfth century Romanesque portal of the abbey-church 
of Cluny, where Castandet and Rollier-Hanselmann (2013) 
tentatively identified copper resinate mixed with lead–tin 
yellow in some green areas, and in the previously cited poly-
chromy of a fourteenth century alabaster statue kept in the 
British Musem collection (Pereira-Pardo et al. 2019) where 
the pigment could have been used to impart a glossy effect to 
the underlying alabaster substrate and to gilded areas. Again, 
Howard (2003) reported that some studies have suggested 
the presence of copper resinate in medieval wall paintings 
and polychrome sculpture artworks according to the contex-
tual identification of copper and resinous compounds, but 
the author correctly advised against the possibility that such 
evidence could be related to resins simply added to verdigris 
(but not after reaction with) in order to improve the glazing 
properties of the green paint.

Purple

Since Antiquity, the purple colour has been always con-
sidered as synonymous of power and richness. This can be 
partially (but not entirely) explained with the high cost of 
production of the purple pigment par excellence, the famous 
Tyrian purple obtained from mollusks of the Murex genus, 
also considering that no other pure colourants were available 
for painting in purple.

The only member of this group is therefore Tyrian pur-

ple, the famous colourant produced from the hypobranchial 
gland of various shellfish species of Murex genus. The struc-
tures of the main molecules present in Tyrian purple, as well 
as those present in indigo and woad (see later) are shown in 
Fig. 6. Despite its role in the history of Mankind is mainly 
connected with the dyeing of precious garments produced 
for kings, emperors and high ecclesiastical offices (Kara-
panagiotis 2019), Tyrian purple was used for painting and 
in particular in wall paintings, being insoluble in water and 
therefore suitable as a pigment. Its colour is characteristic 
but, as in the case of red dyes, different recipes—and dif-
ferent shellfish species as well—can yield slightly different 
hues. However, very few analytical evidences of its real pres-
ence have been given, while in many more instances it was 
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found that cheaper substitutes, such as mixtures of madder 
and Egyptian blue or indigo, were used instead (Brecoulaki 
2014; Dyer and Sotiropoulou 2017).

Pliny the Elder described (Nat. Hist. XXXV, 26) the 
method of preparation of purpurissum, the pigment obtained 
from shellfish. According to his description, the preparation 
of the pigment could occur in the same bath used for dye-
ing textiles, and therefore in the same context of the dyeing 
industry. Pliny tells that creta argentaria was to be added 
to absorb the colour from the bath; based on diagnostic 
evidence this can be identified with chalk in the form of 
aragonite (Karapanagiotis et al. 2017) or kaolinite (Papliaka 
et al. 2017). Readers should not be misled by this addition: 
it was not done in order to obtain a true lake as defined in 
chapter 2, but rather for the need of tuning the purple hue of 
the pigment (Boesken Kanold 2011).

The identification of Tyrian purple, as well as that of 
indigo (see below) is relatively easier than that of all other 
dyes. Its behaviour as a pigment facilitates the visualisa-
tion of the particles and more generally the response to the 
various diagnostic techniques. FORS analysis can provide 
a preliminary identification according to a characteristic 
absorption bands occurring at ca. 525 nm (Aceto et al. 
2014). Elemental analysis can provide an indirect identi-
fication through the presence of two bromine atoms in the 
structure of 6,6′-dibromoindigotine, a feature exploited in 
several instances (Aloupi et al. 2000; Maravelaki-Kalait-
zaki and Kallithrakas-Kontos 2003; Sotiropoulou 2004; 
Coccato et al. 2020); care must be taken, however, as a 
recent work (Aceto et al. 2015) demonstrated that the sole 
evidence of bromine is not enough for an exclusive iden-
tification of Tyrian purple: other dyes such as orchil and 
folium can have significant amounts of bromine. Raman 
spectroscopy (Karapanayiotis et al. 2004) can provide a 

fingerprint identification without the need of exploiting 
the SERS method, a feature almost unique among organic 
colourants. Finally, HPLC can be used in order to trace 
the animal source by the distribution of the chemical com-
pounds (Karapanagiotis 2019).

The number of identification of Tyrian purple on wall 
paintings and other painted artworks on inorganic supports 
is limited, as evidenced by the recent review by Karapana-
giotis (2019). An updated list is reported in Table 3.

The oldest evidence of the use of Tyrian purple as a pig-
ment is related to the Minoan civilisation. It is dated to eight-
eenth to seventeenth century BC and refers to the islands of 
Santorini and Rhodes in the Aegean Sea. According to these 
findings, the Minoans developed the use of this colourant, 
both for painting and for dyeing, well before the Phoenicians. 
Most of the identification is in painted artworks of the Late 
Bronze Age to Hellenistic times; Brecoulaki (2014) cites the 
frequent use of mixtures, or superimpositions, of Tyrian pur-
ple with Egyptian blue, as well as in the case of madder. The 
precious pigment was used for painted artworks of particular 
value and/or in selected figurative motifs in order to empha-
sise the symbolic value of the composition. One remarkable 
example is the purple applied on the crocus petals of the Saf-

fron Gatherers depiction at Akrotiri, on the island of Thera, 
nowadays Santorini (Sotiropoulou 2004). Another example 
is the particular hue obtained by mixing Tyrian purple with 
Egyptian blue to depict the sea in the Naval Scene painting 
at the Palace of Nestor at Pylos, a Mycenaean site, datable 
to 1200 BC (Kokiasmenou et al. 2020). Later on, the current 
archaeological records indicate the predominant use in the 
eastern Mediterranean basin up to first century BC, with a 
single evidence reported for the entire Middle Ages, refer-
ring to the twelfth century paintings in the Church of Sainte 
Madeleine at Manas, Department of Drôme, south-eastern 

Fig. 6  Structures of the indigoid 
molecules present in Tyrian 
purple, indigo and woad: (1) 
indigotine (indigo/woad and 
Tyrian purple), (2) indiru-
bine (indigo/woad and Tyrian 
purple), (3) 6-monobromoin-
digotine (Tyrian purple), (4) 
6,6′-dibromoindigotine (Tyrian 
purple)
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France (March et al. 2011), interestingly a church linked 
with the Knights Templar.

It is possible that, as a consequence of an increase in diag-
nostic studies, further evidence may be brought to light in 
order to extend the period and the geographic areas of use. It 
is in fact necessary to make a consideration, from a logistical 
point of view based on the possibility that the production of 
the pigment was closely linked with the production of the 
textile dye, as it is suggested in recent studies (Sotiropoulou 
et al. 2021): the number of sites that show archaeological 
evidence of the purple dye industry is currently very high 
(Kalaitzaki et al. 2017; Marín-Aguilera et al. 2019) and 
this suggests that the contextual production of the pigment, 
and therefore its use in painting, may/must have been much 
greater than what has been highlighted so far by diagnostics.

To overcome the high cost of Tyrian purple, artists often 
sought alternative solutions for the purple colour in their 
artworks. It was reported by some chroniclers of the Greek-
Roman era, among which Pliny the Elder, Theophrastus and 
Vitruvius, that cheaper substitutes of Tyrian purple were 
used in ancient times, both in textile industry and in paint-
ing. Vitruvius (De. Arch. VII, 14), tells about a purple colour 
obtained by mixing chalk with madder or with hysginum, 
this last attributed to kermes or other dyes extracted from 

scale insects. Dyes extracted from lichens are cited as sub-
stitutes (Aceto et al. 2015). A confirmation can come from 
the identification of orchil, the dye extracted from Roccella 

tinctoria and other lichen species, in the polychromies of 
the collection of Greek terracotta figurines in the Musée 
du Louvre (Pagès-Camagna 2010). Brecoulaki suggested 
that the purple floral motifs and the garments painted on 
three marble pyxides kept at the National Archaeological 
Museum of Athens, datable to the end of fifth century BC, 
could be rendered with orchil (Brecoulaki et al. 2014), due 
to the lack of analytical evidence for Tyrian purple or even 
madder. Pereira-Pardo et al. (2016) in their study on six-
teenth century wall paintings from Ribeira Sacra (Galicia, 
north-western Spain), detected a purple colourant of organic 
nature, tentatively attributed to orchil or to an extract from 
vine grape (Vitis vinifera) but no analytical evidence was 
given.

Blues

The use of organic blue colourants in wall paintings is later 
than the other colours, despite the fact that indigo and woad 
were available for dyeing and painting since at least the sec-
ond millennium BC (Cardon 2007).

Table 3  List of identification of Tyrian purple in wall paintings

1 GC-MS, gas chromatography–mass spectrometry; HPLC–MS, high-performance liquid chromatography–mass spectrometry; IR, infrared spec-
troscopy; IRFC, infrared false colour; PLM, polarised light microscopy; Raman, Raman spectroscopy; SEM–EDX, scanning electron micros-
copy–energy dispersive X-ray; XRF, X-ray fluorescence spectrometry.

Date Provenance Location Object/samples Technique1 Reference

18th–17th Minoan Akrotiri, Thera, Greece Wall paintings HPLC–DAD Sotiropoulou (2004)

18th–17th Minoan Raos, Thera, Greece Wall paintings HPLC–DAD Karapanagiotis et al. (2013)

17th BC Minoan Akrotiri, Thera, Greece Purple pigment Raman Van Elslande et al. (2008)

17th BC Minoan Trianda, Rhodes, Greece Purple pigment HPLC–DAD Karapanagiotis et al. (2013)

13th BC Mycenean Nestor Palace, Peloponnese, Greece Wall paintings XRF Kokiasmenou et al. (2020)

6th–2nd Hellenistic Koroneia cave, Greece Painted astragaloi HPLC–DAD Colombini et al. (2004)

5th BC Persian Daskyleion, Turkey Burial kline HPLC–DAD Papliaka et al. (2017)

4th BC Hellenistic J. Paul Getty Museum, California Marble vessel XRF Dennis et al. (2001)

4th BC Hellenistic Tomb of Aghios Athanasios, Greece Wall paintings HPLC–DAD Brecoulaki (2014)

4th BC Etruscan Amazon Sarcophagus, Tarquinia, Italy Painted stone HPLC–DAD Giachi et al. (2007)

4th BC Etruscan Tomb of Reliefs, Cerveteri, Italy Wall paintings Raman Alfeld et al. (2019)

4rd–3nd Hellenistic Tomb of the Palmettes, Lefkadia, Greece Wall paintings HPLC–DAD Brecoulaki (2006)

4th–3rd * Daunian Sansone Collection, Italy Ceramics IR Antonacci Sanpaolo et al. (1990)

4th–2nd Hellenistic Delos Museum, Greece Purple pigment XRF Karydas et al. (2009)

4th–2nd Hellenistic Tomb of Philosophers, Pella, Greece Wall paintings SEM–EDX Maniatis et al. (2007)

3rd BC Hellenistic Crete, Greece Polychrome terracottas HPLC–DAD Maravelaki-Kalaitzaki and 
Kallithrakas-Kontos (2003)

3rd BC Hellenistic Tomb of the Palmettes, Lefkadia, Greece Wall paintings HPLC–DAD Brecoulaki (2010)

1st BC Persian Bible Lands Museum, Jerusalem Marble vessel HPLC–DAD Koren (2008)

1st AD Roman Pompeii, Italy Purple pigment HPLC–DAD Clarke et al. (2005)

1st–2nd Roman Lateran area, Rome Painted plasters XRF Coccato et al. (2020)

12th AD French Church of Sainte Madeleine, Manas, France Wall paintings HPLC–MS March et al. (2011)
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Indigo and woad

A remarkable blue organic colourant is indigo, extracted 
from the leaves of Indigofera tinctoria, a plant typical of 
south-eastern Asia, or of Isatis tinctoria, a plant typical of 
western and central Asia but also Europe. In the latter case, 
the colourant is known as woad. The structures of the main 
molecules present in indigo and woad are shown in Fig. 6. 
Indigo and woad were used as textile dyes at least since the 
second millennium BC in Egypt (Cardon 2007); being vat 
dyes and insoluble in water, as Tyrian purple, they were 
used as pigments in painting since at least the second mil-
lennium BC (Schweppe 1997). It is not easy to give accurate 
references with concern to indigo and woad because, from 
a diagnostic point of view, the distinction is very difficult if 
possible, and certainly not possible with non-invasive meth-
ods. Therefore, most of the information available must refer 
to ancient literary sources. We know that Pliny the Elder 
cites indigo (Nat. Hist. XXXV, 27) as a product coming from 
India.

Again, it must be noted that the addition of a white sub-
strate does not mean the transformation of indigo into a 
lake but rather the need of changing its original greenish or 
blackish tone, not very pleasant, into a more pleasant tone 
by mixing with white. Cennino Cennini (Frezzato 2009) 
talked about the preparation of indigo mixed with a white 
pigment to simulate the brilliant aspect of azurite (chapter 
LXI): “…togli indaco baccadeo, e trialo perfettissimamente 

con acqua; e mescola con esso un poco di biacca, in tavola; 

e in muro, un poco di bianco sangiovanni” (“take indigo 
from Baghdad, and grind it perfectly with water; and mix 
it with a little white lead on the panel; and [if you want to 
paint] on the wall, [mix it with] a little St. John’s white”). It 
is remarkable the annotation that indigo was called by Cen-
nini baccadeo, that is from Baghdad, at those times the hub 
for the commerce of several goods from Asia. It is a further 
testimony that European painters used indigo for painting 
and not woad, and therefore that indigo was to be considered 
as a precious item. The price for Baghdad indigo was several 
times higher than woad, considering the need to justify the 
importation costs (Balfour-Paul 2016).

As Tyrian purple, indigo is a lightfast pigment, with a 
slow—though significant—tendency to fade. It is also con-
sidered suitable for fresco painting, due to its chemical 
resistance in alkaline medium. Cennini cites its use to imi-
tate ultramarine blue in fresco painting (chapter LXXV): “Se 

vuoi fare un vestire in fresco simigliante all'azzurro oltra-

marino, togli indaco con bianco sangiovanni” (“If you want 
to make a hue similar to ultramarine blue in fresco painting, 
mix indigo with St. John’s white”).

The identification of indigo follows that of Tyrian purple in 
terms of relative ease. FORS analysis can identify it according 
to the typical absorption at ca. 650 nm (Aceto et al. 2014); 

elemental analysis, however, is of course useless. As for Tyr-
ian purple, Raman spectroscopy (Karapanayiotis et al. 2004) 
can provide a fingerprint identification in conventional mode. 
HPLC can be used in order to discriminate between indigo 
and woad (Witkowski et al. 2017).

Indigo and woad were widely used in painting. The num-
ber of identification is high (some of them are reported in 
Table 4); it is possible that further identification is possible 
upon application of more powerful techniques, especially 
in situations where the pigment could be faded.

Further identification of indigo on wall paintings is to be 
found in artworks of Chinese culture, considering the long 
history of its use in Far eastern Asia (Zhu et al. 2016 and 
references therein).

Maya blue

A further indigoid pigment is Maya blue. This term has 
been given to the pigment found for the first time in 1931 
on the wall paintings of the Temple of the Warriors at the 
Mayan site of Chichén Itzá, in Yucatán (Merwin 1931), but 
there is no archaeological evidence to attribute its inven-
tion to the Mayan culture rather than to other Mesoameri-
can cultures; in fact, it has been found in painted artworks 
of Aztec (Sánchez del Río et al. 2011), Zapotec (Alderson 
2002), Teotihuacans (Doménech-Carbó et al. 2012) and 
other cultures.

Maya blue is a sort of synthetic organic/inorganic lake in 
which indigo, extracted from local plants such as Indigofera 

suffruticosa, is encapsulated inside the channels of a clay of 
zeolithic type, one of which is palygorskite or attapulgite. 
The pigment has notable properties in terms of chemical 
and physical resistance, which are imparted to indigo by 
the palygorskite cage. The interaction between indigotine 
molecules and palygorskite has been described in several 
scientific studies (Chiari et al. 2003; Doménech-Carbó et al. 
2019; Caliandro et al. 2019) but not totally elucidated; it is 
remarkable, however, the fact that it can be truly considered 
as a nanotechnology dating back at least 2000 years (Chiari 
et al. 2008).

The production and the use of Maya blue have been 
attested at least since the Classic Period of the Mayan cul-
ture, i.e. between 300 and 1000 AD, up to the Spanish con-
quest in sixteenth century. Later studies, however (Vázquez 
de Ágredos Pascual et al. 2011) dated back the first use to the 
Pre-Classic period (around 150 AD) and recently (Vázquez 
de Ágredos-Pascual et al. 2019), it has been hypothesised 
a further backdating to at least 250 BC and the evidence 
that the technology of production could have been devel-
oped by another Pre-Hispanic culture of Western Mexico, 
the Chupicuaro.

The identification of Maya blue relies on the possibility 
of its distinction from indigo. This can be obtained with 
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Raman spectroscopy (Leona et al. 2004; Giustetto et al. 
2005; Sánchez del Río et al. 2006b; Manciu et al. 2007) 
according to the change in spectral features caused by the 
interaction between indigo and palygorskite.

Maya blue was particularly suitable for wall paintings due 
to its chemical-physical features, which allowed it to remain 
unaltered for hundreds of years even in harsh climates such 
as the tropical Mesoamerican lowlands. Its use is therefore 
attested in a great number of wall paintings from the Pre-
Classical Mayan Period onwards. While until the 1990s it 
was thought that the use of Maya blue had ceased after the 
conquest of Mexico by the Spanish in 1521 and in any case 
limited to the continental area of Central America, subse-
quent analytical evidences were given of some continuity 
and diffusion in the use and/or production of the pigment. 
In fact, despite the replacement of native products with 
European technologies imposed by the new rulers, in many 
Augustinians, Dominicans and Franciscans convents built 
during sixteenth century in Mexico artists used Maya blue 
for decorating wall paintings (Sánchez del Río et al. 2006a), 
perhaps in an attempt of combining Christianity and Pre-
hispanic culture. In addition, the pigment was found in wall 
paintings in Cuba between the eighteenth and the nineteenth 
century (Tagle et al. 1990), possibly as a consequence of the 
commercial link established between Mexico and Cuba in 

that period; indeed, accounts of Cuban merchants dealing in 
pigments attested that New Spain (i.e. Mexico) was among 
the sources of their imports. Considering the previous find-
ing, the hypothesis made on a stylistic basis, but without 
diagnostic evidence, that in the seventeenth century Mexican 
artists of the Baroque era used Maya blue for their works 
(Van Houten Maldonado 2018) could have credit.

Identi�cation methods

The identification of the organic colourants in wall paint-
ings is generally more difficult than the identification of 
the inorganic ones. This is due to a combination of unfa-
vourable factors:

• Organic compounds have intrinsically lower chemical 
stability that can only get worse in the case of wall 
paintings, so that in many cases we are facing relics of 
the colourants and not the original composition.

• Organic compounds have also lower physical stability: 
as specified in the introduction, most of them are fugi-
tive, i.e. they tend to lose colour due to the action of 
light, so that they become unrecognisable.

Table 4  List of identification of indigo/woad in wall paintings

1 FORS, fibre optic reflectance spectrophotometry; GC–MS, gas chromatography–mass spectrometry; HPLC–MS, high-performance liquid chro-
matography–mass spectrometry; IRFC, infrared false colour; PLM, polarised light microscopy; Raman, Raman spectroscopy.

Date Provenance Location Object/samples Technique1 Reference

13th BC Mycenean Thebes, Greece Painted plaster Raman Brysbaert (2008)

1st AD Nabatean Petra, Jordan Wall paintings PLM Akrawi and Shekede (2010)

1st AD Roman Terme degli Stucchi Dipinti, Rome Painted fragments GC–MS Gismondi et al. (2018)

6th AD Asian eastern Turkey Wall paintings PLM Riederer (1977)

9th AD Islamic Samarra, Iraq Painted stuccoes Raman Burgio et al. (2007)

9th–10th Chinese Mogao caves in Dunhuang, China Wall paintings HPLC–MS AA.VV. (2013)

10th–14th Italian Santi Stefani crypt, Lecce (Italy) Wall paintings Raman Fico et al. (2016)

11th AD Tibetan-Buddhist Xialu Temple, Tibet Wall paintings PLM Yong and Shiwei (2014)

11th AD Byzantine Rock‐Hewn Church, Şahinefendi (Turkey) Wall paintings Raman Pelosi et al. (2016)

11th–12th Tibetan-Buddhist Nako Monastery, Northern India Wall paintings Raman Bayerová (2018)

12th AD Tibetan-Buddhist Sumda Chun Monastery, Ladakh Wall paintings PLM Gill et al. (2014)

12th AD English Synagogue, Guildford, UK Wall paintings Raman Howard (2003)

13th AD Tibetan-Buddhist Sumtsek temple, Alchi, Ladakh Wall paintings PLM Goepper et al. (1996)

13th–14th English Westminster Abbey, London Wall paintings PLM Howe (2006)

13th–16th English several places in UK Wall paintings various Howard (2003)

14th AD Tibetan-Buddhist Three-storied temple, Wanla, Ladakh Wall paintings PLM Oeter and Skedzuhn-Safir (2015)

14th AD Tibetan-Buddhist Tsuglagkhang in Kanji, Ladakh Wall paintings PLM Skedzun et al. (2013)

14th–15th Indo-Tibetan Saspol caves, Ladakh Wall paintings IRFC Pinto et al. (2018)

16th AD Italian Santa Maria della Steccata, Parma (Italy) Wall paintings Raman Bersani et al. (2004)

16th–17th Spanish Augustinian ex-convents in Mexico Wall paintings Raman Ruvalcaba-Sil et al. (2017)

17th–18th Spanish Colonial missions, Chihuahua, Mexico Wall paintings FORS Casanova-González et al. (2020)

18th AD Andean various Wall paintings Raman Tomasini et al. (Tomasini et al. 2018)
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• From a purely spectroscopic point of view, most of 
the dyes have high molar extinction coefficients: this 
means that they can generate hues at relatively low 
concentrations, so that the artists could use them with 
little amounts in paints; their identification, therefore, 
requires highly sensible techniques.

• The complexity of the composition: with no exception, 
all organic colourants are mixtures of two or more com-
pounds, so that in many cases separative techniques are 
requested in order to have a reliable identification.

• In addition to the previous point, it must be considered 
that single molecules can be common to different dye-
stuffs, so that in order to identify a specific dye it is better 
to characterise the distribution of its major components, 
or at least to look for its specific markers.

• The production of lakes starting from clippings of dye 
cloths (Kirby et al. 2017), cited before with concern to 
red dyes and lakes, involves a possible fractionation of 
the original chemical distribution and, consequently, the 
onset of variable patterns which render more difficult the 
identification of the original material.

• The composition is rendered even more complex in cases 
where contamination occurs by materials used in restora-
tion interventions, such as the application of egg-based 
fixatives or synthetic resins, that are mostly of organic 
nature.

• Finally, being organic colourants composed only by light 
elements (H, C, O, N, more rarely P and S), all elemental 
techniques, e.g. X-ray fluorescence spectrometry (XRF), 
scanning electron microscope–Energy dispersive X-ray 
spectroscopy (SEM–EDX) or proton induced X emission 
spectroscopy (PIXE), are of little use for their identi-
fication. There is a single, notable exception: the indi-
rect identification of Tyrian purple is made possible by 
the presence of two bromine atoms in the structure of 
6,6′-dibromoindigotine. This feature has been exploited 
in several instances, in particular in diagnostic works 
on Minoan paintings (Aloupi et al. 2000; Maravelaki-
Kalaitzaki and Kallithrakas-Kontos 2003; Sotiropoulou 
2004) but also in Roman paintings (Coccato et al. 2020).

General information on the identification and charac-
terisation of dyes and lakes on artworks can be found in the 
reviews by Degano et al. (2009) and by Shahid et al. (2019).

Being dyes and lakes composed of poorly volatile 
compounds, the most powerful and commonly used tech-
nique for the identification of organic colourants is by far 
HPLC coupled with MS and/or DAD. Some reviews on 
this topic were given by Lech et al. (2009) and by Zasada-
Kłodzińska et al. (2020). One major drawback of HPLC, 
and in general of the application of separative techniques 
to organic colourants, is that a preliminary step is always 
needed in order to take into solution the chemical markers 

from the sample. This can introduce some uncertainty 
in the subsequent results, as the recovery of molecules 
depends strictly on pH, time and temperature of extrac-
tion, etc. Acids such as formic hydrochloric, hydrofluoric, 
oxalic can be used, either with or without methanol. It is 
difficult to find a solution valid for all the colourants, how-
ever. The wide literature existing on the extraction of dyes 
from textile samples is poorly useful, being different the 
type of interaction between colourant and support. Wout-
ers et al. (2011b) compared different methods of hydroly-
sis for the extraction of organic colourants from pigments 
and paints, finding that hydrofluoric acid followed by 
hydrochloric acid was the best solution; another suitable 
solution was oxalic acid followed by hydrochloric acid.

Another powerful technique, though less used than 
HPLC in this field, is GC–MS (Degani et al. 2014; Suther-
land 2019). Usually, the gas-chromatographic analysis of 
organic colourants involves a derivatisation step in order 
to render more volatile the compounds present. Silanizing 
agents such as hexamethyldisilazane (HMDS) (Casas-Cata-
lán and Doménech-Carbó 2005) and N,O-bis(trimethylsilyl)
acetamide (BSTFA) (Degani et al. 2015) or etherification 
agents such as m-(trifluoromethyl) phenyltrimethylammo-
nium hydroxide (TMTFTH) (Poulin 2018) can be used for 
the purpose.

As to spectroscopic techniques, the most suitable is 
undoubtedly surface enhanced Raman scattering (SERS) 
that provides the necessary sensitivity to identify dyes and 
lakes even at extremely low amounts. The works by Leona 
et al. (2006), Bruni et al. (2011) and Brosseau et al. (2011), 
among others, can be acknowledged as reference works for 
the identification of organic colourants on painted artworks. 
The application of conventional Raman spectroscopy, i.e. 
without aid by SERS substrates, is limited to the identifica-
tion of organic pigments, that is indigo/woad and Tyrian 
purple (Karapanayiotis et al. 2004), verdigris (San Andrés 
et al. 2010) and copper resinate (Conti et al. 2014).

Other spectroscopic techniques to be cited in the identi-
fication of organic colourants are UV–visible diffuse reflec-
tance spectrophotometry with optic fibres (FORS) (Aceto 
et al. 2014) and FT-IR spectrophotometry (Manfredi et al. 
2017). Both techniques, though having lower diagnos-
tic power than SERS and Raman spectroscopy, show the 
advantage that can provide a totally non-invasive identifi-
cation (as to FT-IR spectrophotometry, this is valid when 
used in reflectance mode). Interesting and powerful exten-
sions of reflectance spectrophotometry are multispectral 
and hyperspectral imaging in the visible and near-infrared 
ranges (Cucci et al. 2016; Cavaleri et al. 2017) that allows 
identification of some dyes and lakes, in particular mad-
der, brazilwood, and cochineal (Vitorino et al. 2015) on 
large painted artworks, so they seem to be promising meth-
ods for analysis of wall paintings. The same holds true for 
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multispectral photo-induced luminescence imaging, a group 
of techniques useful for detection and mapping of madder on 
painted artworks (Dyer and Sotiropoulou 2017). A general 
description of multispectral imaging methods is contained 
in Dyer et al. (2013).

Finally, the role of microspectrofluorimetry must be also 
cited (Melo and Claro 2010; Idone et al. 2017), though it is 
usually a micro-invasive technique.

There is a slight difference between the identification 
and the characterisation of an organic colourant. In the first 
case, we can have preliminary, easy-to-obtain results from 
spectroscopic techniques such as FORS or FT-IR spectro-
photometry and a fingerprint identification with Raman or 
SERS spectroscopy. In the second case, the characterisa-
tion of the distribution of compounds presents in an organic 
colourant allows in many cases the identification not only of 
the colourant itself, but also of the vegetal or animal source. 
This requests of course more powerful techniques such as 
the chromatographic ones.

Although there may be differences in the application of 
organic colourants between paintings on inorganic supports 
(i.e. wall paintings, polychrome pottery and painted stone 
artworks) and paintings on organic supports (i.e. canvas 
paintings, miniature painting), from the diagnostic point of 
view the differences are very few. Since organic colourants 
are never used in buon fresco, the binding media used in 
wall paintings will be similar to those used on canvas, i.e. 
egg tempera, gums, waves, siccative oils and many others as 
described by Casadio et al. (2004). The interactions between 
dyes and lakes and their binding media are therefore similar 
as well.

One drawback can arise when one wants to distinguish 
between a dye and its lake. Using spectroscopic and chro-
matographic techniques would hardly reveal differences; 
elemental analysis could be useful in order to identify key 
elements typical of the inorganic supports, such as Al (from 
alum and aluminium hydroxide), Pb (from lead white), Si 
(from clays or earths) or Ca (from chalk, limestone or shell), 
but these are all common elements in wall paintings, deriv-
ing from paints and/or intonaco layers; therefore, their spe-
cific presence as lake supports must be verified with tech-
niques with high spatial resolution such as SEM–EDX, to 
be used on micro samples.

Concluding summary of key concepts

The use of organic colourants in wall paintings, polychrome 
pottery and painted stone artworks has been given little 
attention in the past, perhaps on the assumption that they 
were rarely used by ancient artists. A survey on the scien-
tific literature, however, reports a large number of diagnostic 
evidences and despite the lack of specific publications on the 

subject, it appears that there has been continuity through the 
centuries in the use of such colourants in painted artworks on 
inorganic supports, at least with regard to the most important 
such as madder, Tyrian purple and indigo. In several studies 
among the older ones, the results reported the occurrence 
of a generical “organic lake” or “organic colourant”. This 
typically occurred for red lakes. The application of powerful 
micro-invasive techniques such as SERS, HPLC–MS and 
other chromatographic techniques has been greatly increased 
in the last 20 years, allowing to obtain more precise, sen-
sitive and informative identification. As an example, it is 
common practice now going beyond the identification of “a 
red lake” and providing full characterisation of the different 
red anthraquinone lakes. In a recent work, Gismondi et al. 
(2018) applied GC–MS to micro samples of paints taken 
from first century Roman wall paintings. Authors were able 
to identify a high number of metabolites of vegetal species, 
among which some that could possibly derive from at pre-
sent unknown colourants. Such study was an example of the 
wide information that can be disclosed by the systematic 
application of chromatographic techniques to the analysis 
of micro samples from wall paintings.

It is advisable that future studies on wall paintings, poly-
chrome pottery and stone will systematically involve the 
application of micro-invasive separative techniques, in order 
to have a better understanding of the use of organic colour-
ants. In this way, new information will be gathered with 
concern to artistic techniques, biological sources and trade 
routes, which will allow to have a clearer view of the use of 
these wonderful and mysterious colourants.

Funding Open access funding provided by Università degli Studi 
del Piemonte Orientale Amedeo Avogrado within the CRUI-CARE 
Agreement.

Data availability Data sharing is not applicable to this article as no new 
data were created or analysed in this study.

Declarations 

Conflicts of interest The authors declare that they have no conflicts 
of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Page 17 of 23    159Archaeol Anthropol Sci (2021) 13: 159

http://creativecommons.org/licenses/by/4.0/


1 3

References

AA.VV. (2013) Original materials and techniques. In: Wong L, Agnew 
N (eds) The conservation of Cave 85 at the Mogao Grottoes, 
Dunhuang. Getty Publications, Los Angeles, pp 155–189

Aceto M, Agostino A, Fenoglio G et al (2014) Characterisation of 
colourants on illuminated manuscripts by portable fibre optic 
UV-visible-NIR reflectance spectrophotometry. Anal Methods 
6:1488. https:// doi. org/ 10. 1039/ c3ay4 1904e

Aceto M, Arrais A, Marsano F et al (2015) A diagnostic study on 
folium and orchil dyes with non-invasive and micro-destructive 
methods. Spectrochim Acta A 142:159–168. https:// doi. org/ 10. 
1016/j. saa. 2015. 02. 001

Agrawal OP (1989) Wall paintings - Asian perspective. In: Agrawal OP 
(ed) Wall pantings of India: a Historical Perspective. INTACH 
Conservation Centre, Lucknow, pp 1–15

Akrawi A, Shekede L (2010) A unique Nabataean wall painting in 
Petra: conservation in situ. Stud Conserv 55:214–219. https:// 
doi. org/ 10. 1179/ sic. 2010. 55. Suppl ement-2. 214

Alderson S (2002) A technological study of the painted surfaces of 
Zapotec urns from Xoxocotlán. In: Greene V, Griffin P (eds) 
Objects specialty group postprints, vol 9. The American Institute 
for Conservation of Historic & Artistic Works, Washington DC, 
pp 146–160

Alfeld M, Baraldi C, Gamberini MC, Walter P (2019) Investigation of 
the pigment use in the tomb of the reliefs and other tombs in the 
Etruscan Banditaccia Necropolis. X-Ray Spectrom 48:262–273. 
https:// doi. org/ 10. 1002/ xrs. 2951

Aloupi E, Karydas AG, Paradellis T (2000) Pigment analysis of wall 
paintings and ceramics from Greece and Cyprus. The optimum 
use of x-ray spectrometry on specific archaeological issues. 
X-Ray Spectrom 29:18–24. https:// doi. org/ 10. 1002/ (SICI) 1097- 
4539(200001/ 02) 29:1% 3c18:: AID- XRS397% 3e3.0. CO;2-5

Anderson BC (2015) Evidence of cochineal’s use in painting. J Inter-
discip Hist XLV:337–366

Andreotti A, Colombini MP, Ribechini E et al (2017) The characterisa-
tion of red-violet organic colours in ancient samples. In: Kirby J 
(ed) The diversity of dyes in history and archaeology. Archetype 
Publications Ltd., London, pp 97–106

Antonacci Sanpaolo E, Follo L, Sfrecola S (1990) Alcuni aspetti tec-
nologici della ceramica policroma della Daunia nella collezione 
Sansone di Mattinata (FG). L’apporto dell’archeometria. In: 
Gravina A (ed) Atti dell’ 11 Convegno Nazionale sulla Preisto-
ria-Protostoria, Storia della Daunia; Gravina. Gerni Editori, San 
Severo, pp 139–170

Arizzi A, Cultrone G (2021) Mortars and plasters – how to characterise 
hydraulic mortars. Archaeol Anthropol Sci. https:// doi. org/ 10. 
1007/ s12520- 021- 01404-2

Baer NS, Joel A, Feller RL, Indictor N (1986) Indian yellow. In: Feller 
RL (ed) Artists’ pigments: a Handbook of their history and char-
acteristics, vol 1. National Gallery of Art, Washington DC, pp 
17–36

Balfour-Paul J (2016) Indigo in the Arab world. Routledge, London
Bartolucci U, Colombini MP, Degano I (2007) Materiali organici dalle 

pellicole pittoriche di terrecotte architettoniche provenienti da 
Cuma. In: Gasparri C, Greco G (eds) Cuma. Indagini archeo-
logiche e nuove scoperte. Naus Editoria, Pozzuoli, pp 125–130

Bayerová T (2018) Buddhist wall paintings at Nako Monastery, North 
India: changing of the technology throughout centuries. Stud Con-
serv 63:171–188. https:// doi. org/ 10. 1080/ 00393 630. 2017. 13271 11

Becker H (2021) Pigment nomenclature in the ancient Near East, 
Greece, and Rome. Archaeol Anthropol Sci. https:// doi. org/ 10. 
1007/ s12520- 021- 01394-1

Bersani D, Paolo Lottici P, Antonioli G et al (2004) Pigments and 
binders in the wall paintings of Santa Maria della Steccata in 

Parma(Italy): the ultimate technique of Parmigianino. J Raman 
Spectrosc 35:694–703. https:// doi. org/ 10. 1002/ jrs. 1156

Boesken Kanold I (2011) Purpurissum: techniques of production 
inspired by Pliny the Elder. In: Alfaro Giner C, Brun JP, Borgard 
P, Pierobon-Benoit R (eds) Textiles y tintes en la ciudad antigua: 
actas del III Symposium Internacional sobre Textiles y tintes del 
Mediterráneo en el Mundo Antiguo. Universidad de València, 
Valencia, pp 243–246

Bourgeois B, Jeammet V (2020) La polychromie des terres cuites 
Grecques: approche matérielle d’une culture picturale. Rev 
Archéologique 69:3–28

Bracci S, Vettori S, Cantisani E et al (2019) The ancient use of colour-
ing on the marble statues of Hierapolis of Phrygia (Turkey): an 
integrated multi-analytical approach. Archaeol Anthropol Sci 
11:1611–1619. https:// doi. org/ 10. 1007/ s12520- 019- 00803-w

Brecoulaki H (2006) La peinture funéraire de Macédoine : emplois et 
fonctions de la couleur IVe-IIe s. av. J.-C., Meletemata. Centre 
de Recherches de l’Antiquite Grecque et Romaine - Fondation 
Nationale de la Recherche Scientifique, Athens

Brecoulaki H (2010) A scientific investigation on the painted decora-
tion of the tomb of the Palmettes. In: Rhomiopoulou K, Schmidt-
Dounas B (eds) Das Palmettengrab in Lefkadia. Philipp von Zab-
ern, Mainz, pp 102–118

Brecoulaki H (2014) “Precious colours” in Ancient Greek poly-
chromy and painting: material aspects and symbolic values. Rev 
Archéologique 57:1–36. https:// doi. org/ 10. 3917/ arch. 141. 0003

Brecoulaki H, Andreotti A, Bonaduce I et al (2012) Characterization 
of organic media in the wall-paintings of the “Palace of Nestor” 
at Pylos, Greece: evidence for a secco painting techniques in the 
Bronze Age. J Archaeol Sci 39:2866–2876. https:// doi. org/ 10. 
1016/j. jas. 2012. 04. 018

Brecoulaki H, Fiorin E, Vigato PA (2006) The funerary klinai of tomb 
1 from Amphipolis and a sarcophagus from ancient Tragilos, 
eastern Macedonia: a physico-chemical investigation on the 
painting materials. J Cult Herit 7:301–311. https:// doi. org/ 10. 
1016/j. culher. 2006. 06. 005

Brecoulaki H, Kavvadias G, Verri G (2014) Colour and luxury. three 
classical painted marble pyxides from the Collection of the 
National Archaeological Museum, Athens. In: Østergaard JS, 
Nielsen AM (eds) Transformations: classical sculpture in colour. 
Ny Carlsberg Glyptotek, Copenhagen, pp 152–165

Brittenham C (2015) Three reds: cochineal, cinnabar, and hematite in 
the Prehispanic Mesoamerican world. In: Padilla C, Anderson 
B (eds) A red like no other: how cochineal colored the world. 
Museum of International Folk Art and Scala Publishers, Santa 
Fe, pp 26–35

Brosseau CL, Casadio F, Van Duyne RP (2011) Revealing the invisible: 
using surface-enhanced Raman spectroscopy to identify minute 
remnants of color in Winslow Homer’s colorless skies. J Raman 
Spectrosc 42:1305–1310. https:// doi. org/ 10. 1002/ jrs. 2877

Bruni S, Guglielmi V, Pozzi F (2011) Historical organic dyes: a sur-
face-enhanced Raman scattering (SERS) spectral database on Ag 
Lee-Meisel colloids aggregated by NaClO4. J Raman Spectrosc 
42:1267–1281. https:// doi. org/ 10. 1002/ jrs. 2872

Brysbaert A (2008) Painted plaster from Bronze Age Thebes, Boeotia 
(Greece): a technological study. J Archaeol Sci 35:2761–2769. 
https:// doi. org/ 10. 1016/j. jas. 2008. 05. 005

Burgio L, Clark RJH, Rosser-Owen M (2007) Raman analysis of ninth-
century Iraqi stuccoes from Samarra. J Archaeol Sci 34:756–762. 
https:// doi. org/ 10. 1016/j. jas. 2006. 08. 002

Burgio L (2021) Pigments, dyes and inks – their analysis on manu-
scripts, scrolls and papyri. Archaeol Anthropol Sci. https:// doi. 
org/ 10. 1007/ s12520- 021- 01403-3

Burmester A, Krekel C (1998) The relationship between Albrecht Dür-
er’s palette and fifteenth/sixteenth-century pharmacy price lists: 

159   Page 18 of 23 Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.1039/c3ay41904e
https://doi.org/10.1016/j.saa.2015.02.001
https://doi.org/10.1016/j.saa.2015.02.001
https://doi.org/10.1179/sic.2010.55.Supplement-2.214
https://doi.org/10.1179/sic.2010.55.Supplement-2.214
https://doi.org/10.1002/xrs.2951
https://doi.org/10.1002/(SICI)1097-4539(200001/02)29:1%3c18::AID-XRS397%3e3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-4539(200001/02)29:1%3c18::AID-XRS397%3e3.0.CO;2-5
https://doi.org/10.1007/s12520-021-01404-2
https://doi.org/10.1007/s12520-021-01404-2
https://doi.org/10.1080/00393630.2017.1327111
https://doi.org/10.1007/s12520-021-01394-1
https://doi.org/10.1007/s12520-021-01394-1
https://doi.org/10.1002/jrs.1156
https://doi.org/10.1007/s12520-019-00803-w
https://doi.org/10.3917/arch.141.0003
https://doi.org/10.1016/j.jas.2012.04.018
https://doi.org/10.1016/j.jas.2012.04.018
https://doi.org/10.1016/j.culher.2006.06.005
https://doi.org/10.1016/j.culher.2006.06.005
https://doi.org/10.1002/jrs.2877
https://doi.org/10.1002/jrs.2872
https://doi.org/10.1016/j.jas.2008.05.005
https://doi.org/10.1016/j.jas.2006.08.002
https://doi.org/10.1007/s12520-021-01403-3
https://doi.org/10.1007/s12520-021-01403-3


1 3

the use of azurite and ultramarine. Stud Conserv 43:101–105. 
https:// doi. org/ 10. 1179/ sic. 1998. 43. Suppl ement-1. 101

Buzzegoli E, Keller A (2009) Ultraviolet fluorescence imaging. In: 
Pinna D, Galeotti M, Mazzeo R (eds) Scientific examination 
for the investigation of paintings. A handbook for conservator-
restorers. Centro Di Edifimi srl, Firenze, pp 204–206

Caffaro A (2003) Scrivere in oro. Ricettari medievali d’arte e artig-
ianato (secoli IX-XI). Codici di Lucca e Ivrea. Liguori, Napoli

Caley ER (1926) The Leyden Papyrus X. An English translation with 
brief notes. J Chem Educ 3:1149. https:// doi. org/ 10. 1021/ ed003 
p1149

Caley ER (1927) The Stockholm papyrus. An English translation with 
brief notes. J Chem Educ 4:979. https:// doi. org/ 10. 1021/ ed004 
p979

Caliandro R, Toson V, Palin L, et al (2019) New hints on the Maya 
blue formation process by PCA-assisted in situ XRPD/PDF and 
optical spectroscopy. Chem – A Eur J 25:11503–11511. https:// 
doi. org/ 10. 1002/ chem. 20190 1932

Cardon D (2007) Natural dyes: sources, tradition, technology and sci-
ence. Archetype Publications, London

Caroselli M, Ruffolo SA, Piqué F (2021) Mortars and plasters – how to 
manage mortars and plasters conservation. Archaeol Anthropol 
Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01409-x

Casadio F, Giangualano I, Piqué F (2004) Organic materials in wall 
paintings: the historical and analytical literature. Stud Conserv 
49:63–80. https:// doi. org/ 10. 1179/ sic. 2004. 49. Suppl ement-1. 63

Casanova-González E, Maynez-Rojas MÁ, Mitrani A et al (2020) An 
imaging and spectroscopic methodology for in situ analysis of 
ceiling and wall decorations in Colonial missions in Northern 
Mexico from XVII to XVIII centuries. Herit Sci. https:// doi. org/ 
10. 1186/ s40494- 020- 00434-8

Casas-Catalán MJ, Doménech-Carbó MT (2005) Identification of 
natural dyes used in works of art by pyrolysis–gas chromatog-
raphy/mass spectrometry combined with in situ trimethylsilyla-
tion. Anal Bioanal Chem 382:259–268. https:// doi. org/ 10. 1007/ 
s00216- 005- 3064-0

Castandet S, Rollier-Hanselmann J (2013) The Romanesque Portal 
of the abbey-church of Cluny: study of polychromy. Open J 
Archaeom 1:11. https:// doi. org/ 10. 4081/ arc. 2013. e11

Cavaleri T, Buscaglia P, Migliorini S et al (2017) Pictorial materi-
als database: 1200 combinations of pigments, dyes, bind-
ers and varnishes designed as a tool for heritage science and 
conservation. Appl Phys A 123:419. https:// doi. org/ 10. 1007/ 
s00339- 017- 1031-1

Cavallo G, Aceto M, Emmenegger R, et al (2020) Preliminary non-
invasive study of Carolingian pigments in the churches of St. 
John at Müstair and St. Benedict at Malles. Archaeol Anthropol 
Sci 12:73. https:// doi. org/ 10. 1007/ s12520- 020- 01024-2

Cavallo G, Riccardi MP (forthcoming) Glass-based pigments in paint-
ing. Archaeol Anthropol Sci (this Topical Collection)

Chaplin TD, Clark RJH, Scott DA (2006) Study by Raman microscopy 
of nine variants of the green-blue pigment verdigris. J Raman 
Spectrosc 37:223–229. https:// doi. org/ 10. 1002/ jrs. 1469

Chiari G, Giustetto R, Druzik J et al (2008) Pre-columbian nanotech-
nology: reconciling the mysteries of the maya blue pigment. 
Appl Phys A Mater Sci Process 90:3–7. https:// doi. org/ 10. 1007/ 
s00339- 007- 4287-z

Chiari G, Giustetto R, Ricchiardi G (2003) Crystal structure refine-
ments of palygorskite and Maya Blue from molecular modelling 
and powder synchrotron diffraction. Eur J Mineral 15:21–33. 
https:// doi. org/ 10. 1127/ 0935- 1221/ 2003/ 0015- 0021

Clarke M, Fredrickx P, Colombini MP, et  al (2005) Pompei pur-
purissum pigment problems. In: Proceedings of Art ’05–8th 
international conference on “Non destructive investigations and 
microanalysis for the diagnostics and conservation of the cultural 
and environmental heritage.” AIPnD, Brescia, pp 1–20

Clementi C, Ciocan V, Vagnini M et al (2011) Non-invasive and micro-
destructive investigation of the Domus Aurea wall painting deco-
rations. Anal Bioanal Chem 401:1815–1826. https:// doi. org/ 10. 
1007/ s00216- 011- 5250-6

Coccato A, Mazzoleni P, Spinola G, Barone G (2020) Two centuries of 
painted plasters from the Lateran suburban villa (Rome): investi-
gating supply routes and manufacturing of pigments. J Cult Herit. 
https:// doi. org/ 10. 1016/j. culher. 2020. 11. 010

Colombini MP, Carmignani A, Modugno F et al (2004) Integrated ana-
lytical techniques for the study of ancient Greek polychromy. Tal-
anta 63:839–848. https:// doi. org/ 10. 1016/j. talan ta. 2003. 12. 043

Conti C, Striova J, Aliatis I et al (2014) The detection of copper res-
inate pigment in works of art: contribution from Raman spec-
troscopy. J Raman Spectrosc 45:1186–1196. https:// doi. org/ 10. 
1002/ jrs. 4455

Cucci C, Delaney JK, Picollo M (2016) Reflectance hyperspectral 
imaging for investigation of works of art: old master paintings 
and illuminated manuscripts. Acc Chem Res 49:2070–2079. 
https:// doi. org/ 10. 1021/ acs. accou nts. 6b000 48

Cuní J (2016) What do we know of Roman wall painting technique? 
Potential confounding factors in ancient paint media analysis. 
Herit Sci 4:44. https:// doi. org/ 10. 1186/ s40494- 016- 0111-4

Damiani D, Gliozzo E, Memmi IT (2014) The ‘Madonna and Child 
Enthroned with Saints’ of Ambrogio Lorenzetti in the St. Augus-
tine Church (Siena, Italy): Raman microspectroscopy and SEM-
EDS characterisation of the pigments. Archaeol Anthropol Sci 
6:363–371. https:// doi. org/ 10. 1007/ s12520- 014- 0175-6

Daniels V, Devièse T, Marei H, Higgitt C (2014) Technological insights 
into madder pigment production in antiquity. British Museum 
Technical Research Bulletin. The British Museum, London, pp 
13–28

de Faria DLA, Edwards HGM, Careaga V et al (2017) A definitive 
analytical spectroscopic study of Indian yellow, an ancient pig-
ment used for dating purposes. Forensic Sci Int 271:1–7. https:// 
doi. org/ 10. 1016/j. forsc iint. 2016. 11. 037

Degani L, Riedo C, Chiantore O (2015) Identification of natural indigo 
in historical textiles by GC–MS. Anal Bioanal Chem 407:1695–
1704. https:// doi. org/ 10. 1007/ s00216- 014- 8423-2

Degani L, Riedo C, Gulmini M, Chiantore O (2014) From plant 
extracts to historical textiles: characterization of dyestuffs by 
GC–MS. Chromatographia 77:1683–1696. https:// doi. org/ 10. 
1007/ s10337- 014- 2772-z

Degano I, Ribechini E, Modugno F, Colombini MP (2009) Analytical 
methods for the characterization of organic dyes in artworks and 
in historical textiles. Appl Spectrosc Rev 44:363–410. https:// 
doi. org/ 10. 1080/ 05704 92090 29378 76

DeLaine J (2021) Production, transport and on-site organisation of 
Roman mortars and plasters. Archaeol Anthropol Sci. https:// 
doi. org/ 10. 1007/ s12520- 021- 01401-5

Dennis M, Scott D, Khandekar N, Ebbinghaus S (2001) A note on the 
use of Tyrian purple on Greek marble vessels with polychrome 
decoration. Los Angeles

Doménech-Carbó A, Doménech-Carbó M, Moya-Moreno M et  al 
(2000) Identification of inorganic pigments from paintings and 
polychromed sculptures immobilized into polymer film electrodes 
by stripping differential pulse voltammetry. Anal Chim Acta 
407:275–289. https:// doi. org/ 10. 1016/ S0003- 2670(99) 00781-3

Doménech-Carbó A, Holmwood S, Di Turo F et al (2019) Composition 
and color of Maya Blue: reexamination of literature data based on 
the dehydroindigo model. J Phys Chem C 123:770–782. https:// 
doi. org/ 10. 1021/ acs. jpcc. 8b084 48

Doménech-Carbó MT, Vázquez de Agredos-Pascual ML, Osete-Cor-
tina L et al (2012) Characterization of prehispanic cosmetics 
found in a burial of the ancient city of Teotihuacan (Mexico). J 
Archaeol Sci 39:1043–1062. https:// doi. org/ 10. 1016/j. jas. 2011. 
12. 001

Page 19 of 23    159Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.1179/sic.1998.43.Supplement-1.101
https://doi.org/10.1021/ed003p1149
https://doi.org/10.1021/ed003p1149
https://doi.org/10.1021/ed004p979
https://doi.org/10.1021/ed004p979
https://doi.org/10.1002/chem.201901932
https://doi.org/10.1002/chem.201901932
https://doi.org/10.1007/s12520-021-01409-x
https://doi.org/10.1179/sic.2004.49.Supplement-1.63
https://doi.org/10.1186/s40494-020-00434-8
https://doi.org/10.1186/s40494-020-00434-8
https://doi.org/10.1007/s00216-005-3064-0
https://doi.org/10.1007/s00216-005-3064-0
https://doi.org/10.4081/arc.2013.e11
https://doi.org/10.1007/s00339-017-1031-1
https://doi.org/10.1007/s00339-017-1031-1
https://doi.org/10.1007/s12520-020-01024-2
https://doi.org/10.1002/jrs.1469
https://doi.org/10.1007/s00339-007-4287-z
https://doi.org/10.1007/s00339-007-4287-z
https://doi.org/10.1127/0935-1221/2003/0015-0021
https://doi.org/10.1007/s00216-011-5250-6
https://doi.org/10.1007/s00216-011-5250-6
https://doi.org/10.1016/j.culher.2020.11.010
https://doi.org/10.1016/j.talanta.2003.12.043
https://doi.org/10.1002/jrs.4455
https://doi.org/10.1002/jrs.4455
https://doi.org/10.1021/acs.accounts.6b00048
https://doi.org/10.1186/s40494-016-0111-4
https://doi.org/10.1007/s12520-014-0175-6
https://doi.org/10.1016/j.forsciint.2016.11.037
https://doi.org/10.1016/j.forsciint.2016.11.037
https://doi.org/10.1007/s00216-014-8423-2
https://doi.org/10.1007/s10337-014-2772-z
https://doi.org/10.1007/s10337-014-2772-z
https://doi.org/10.1080/05704920902937876
https://doi.org/10.1080/05704920902937876
https://doi.org/10.1007/s12520-021-01401-5
https://doi.org/10.1007/s12520-021-01401-5
https://doi.org/10.1016/S0003-2670(99)00781-3
https://doi.org/10.1021/acs.jpcc.8b08448
https://doi.org/10.1021/acs.jpcc.8b08448
https://doi.org/10.1016/j.jas.2011.12.001
https://doi.org/10.1016/j.jas.2011.12.001


1 3

Domingo Sanz I, Chieli A (2021) Characterising the pigments and 
paints of prehistoric artists. Archaeol Anthropol Sci. https:// doi. 
org/ 10. 1007/ s12520- 021- 01397-y

Dyer J, Sotiropoulou S (2017) A technical step forward in the integra-
tion of visible-induced luminescence imaging methods for the 
study of ancient polychromy. Herit Sci 5:24. https:// doi. org/ 10. 
1186/ s40494- 017- 0137-2

Dyer J, Tamburini D, Sotiropoulou S (2018) The identification of lac as 
a pigment in ancient Greek polychromy - the case of a Hellenistic 
oinochoe from Canosa di Puglia. Dye Pigment 149:122–132. 
https:// doi. org/ 10. 1016/j. dyepig. 2017. 09. 062

Dyer J, Verri G, Cupitt J (2013) Multispectral imaging in reflectance 
and photo-induced luminescence modes: a user manual. Web 
publication/site, European CHARISMA Project

Ergenç D, Fort R, Varas−Muriel MJ, Alvarez de Buergo M (2021) 
Mortars and plasters – how to characterise aerial mortars and 
plasters.  Archaeol Anthropol Sci. https:// doi. org/ 10. 1007/ 
s12520- 021- 01398-x

Fico D, Pennetta A, Rella G et  al (2016) A combined analytical 
approach applied to Medieval wall paintings from Puglia (Italy): 
the study of painting techniques and its conservation state. J 
Raman Spectrosc 47:321–328. https:// doi. org/ 10. 1002/ jrs. 4813

Field G (1809) Examples and anecdotes of pigments. Pract J 
337–338:75–84

Fioretti G, Raneri S, Pinto D, et al (2020) The archaeological site of 
St. Maria Veterana (Triggiano, Southern Italy): Archaeometric 
study of the wall paintings for the historical reconstruction. 
J Archaeol Sci Reports 29:102080. https:// doi. org/ 10. 1016/j. 
jasrep. 2019. 102080

Fostiridou A, Karapanagiotis I, Vivdenko S et al (2016) Identifica-
tion of pigments in Hellenistic and Roman funeral figurines. 
Archaeometry 58:453–464. https:// doi. org/ 10. 1111/ arcm. 
12177

Frezzato F (2009) Cennino Cennini: il libro dell’arte. Neri Pozza, 
Vicenza

Fulcher K (2017) Evidence for the use of madder as a pigment in 
Nubia. Sudan & Nubia 21:113–116

Gagliano Candela R, Lombardi L, Ciccola A et al (2019) Deepening 
inside the pictorial layers of Etruscan sarcophagus of Hasti Afu-
nei: an innovative micro-sampling technique for Raman/SERS 
analyses. Molecules 24:3403. https:// doi. org/ 10. 3390/ molec ules2 
41834 03

Garzya Romano C (1996) Eraclio. I colori e le arti dei romani. Il 
Mulino, Napoli

Giachi G, Pallecchi P, Andreotti A, et al (2007) Indagine analitiche 
sul sarcofago delle Amazzoni. In: Bottini A, Setari E (eds) Il 
sarcofago delle Amazzoni. Electa, Firenze, pp 132–166

Giachi G, Pallecchi P, Colombini MP, et al (2009) I colori e la tecnica 
pittorica: risultati dell’indagine analitica. In: Bottini A, Setari 
E (eds) I marmi dipinti di Ascoli Satriano. Mondadori Electa, 
Milano, pp 74–77

Gill MS, Rendo CP, Menon S (2014) Materials and techniques: early 
Buddhist wall paintings and sculptures at Sumda Chun, Ladakh. 
Stud Conserv 59:300–313. https:// doi. org/ 10. 1179/ 20470 
58413Y. 00000 00090

Gismondi A, Canuti L, Rocco G et al (2018) GC–MS detection of 
plant pigments and metabolites in Roman Julio-Claudian wall 
paintings. Phytochem Lett 25:47–51. https:// doi. org/ 10. 1016/j. 
phytol. 2018. 03. 016

Giustetto R, Llabrés i Xamena FX, Ricchiardi G, et al (2005) Maya 
Blue: a computational and spectroscopic study. J Phys Chem B 
109:19360–19368. https:// doi. org/ 10. 1021/ jp048 587h

Gliozzo E (2021) Pigments – mercury-based red (cinnabar-vermilion) 
and white (calomel) and their degradation products. Archaeol 
Anthropol Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01402-4

Gliozzo E, Burgio L (2021) Pigments – Arsenic-based yellows 
and reds. Archaeol Anthropol Sci. https:// doi. org/ 10. 1007/ 
s12520- 021- 01431-z

Gliozzo E, Ionescu C (2021) Pigments – lead-based whites, reds, yel-
lows and oranges and their alteration phases. Archaeol Anthropol 
Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01407-z

Gliozzo E, Pizzo A, La Russa MF (2021) Mortars, plasters and pig-
ments − research questions and sampling criteria. Archaeol 
Anthropol Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01393-2

Goepper R, Poncar J, Linrothe RN, Dasser K (1996) Alchi: Ladakh’s 
Hidden Buddhist Sanctuary: the Sumtsek. Serindia Publications, 
London

Grzywacz CM, Bomin S, Yuquan F, Wouters J (2008) Development of 
identification strategies for Asian organic colorants on historic 
Chinese wall paintings. In: Bridgland J (ed) ICOM-CC 15th Tri-
ennial Conference Preprints. Allied Publishers, New Delhi, pp 
528–535

Grzywacz CM, Schilling M, Wong L, et al (2011) Asian organic color-
ants (2006–2010). https:// www. getty. edu/ conse rvati on/ our_ proje 
cts/ scien ce/ asian/ index. html. Accessed 2 Jan 2021

Grzywacz CM, Wouters J, Bomin S, Yuquan F (2010) Asian organic 
colorants: a collaborative research project. In: Agnew N (ed) 
Conservation of ancient sites on the Silk Road: Proceedings 
of the Second International Conference on the Conservation 
of Grotto Sites. Getty Publications, Los Angeles, pp 450–456

Guichard V, Guineau B (2002) Identification de colorants orga-
niques naturels dans des fragments de peintures murales de 
l’Antiquité. Exemples de l’emploi d’une laque de garance à 
Stables et à Vaison-la-Romaine. In: Guineau B (ed) Pigments 
et colorants de l’Antiquité et du Moyen Age. CNRS Editions, 
Paris, pp 245–254

Holakooei P, Karimy A-H, Saeidi-Anaraki F et al (2020) Colourants 
on the wall paintings of a mediӕval fortress at the mount Sofeh 
in Isfahan, central Iran. J Archaeol Sci Reports 29:102065. 
https:// doi. org/ 10. 1016/j. jasrep. 2019. 102065

Howard H (2003) Pigments of English medieval wall painting. 
Archetype Publications, London

Howard H, de Beer L, Saunders D, Higgitt C (2020) The wall 
paintings at St Stephen’s Chapel, Westminster Palace: recent 
imaging and scientific analysis of the fragments in the Brit-
ish Museum. Br Art Stud. https:// doi. org/ 10. 17658/ issn. 2058- 
5462/ issue- 16/ oneob ject

Howe E (2006) Painting and patronage at Westminster Abbey: the 
Murals in the South Transept and St. Faith’s Chapel Burlingt 
Mag 148:4–14

Idone A, Miletto I, Davit P et al (2017) Direct fluorimetric char-
acterisation of dyes in ancient purple codices. Microchem J 
135:122–128. https:// doi. org/ 10. 1016/j. microc. 2017. 08. 007

Jorge-Villar SE, Rodríguez Temiño I, Edwards HGM et al (2018) 
The Servilia tomb: an architecturally and pictorially impor-
tant Roman building. Archaeol Anthropol Sci 10:1207–1223. 
https:// doi. org/ 10. 1007/ s12520- 016- 0450-9

Kakoulli I (2002) Late Classical and Hellenistic painting techniques 
and materials: a review of the technical literature. Stud Con-
serv 47:56–67. https:// doi. org/ 10. 1179/ sic. 2002. 47. Suppl 
ement-1. 56

Kakoulli I, Radpour R, Lin Y et al (2017) Application of forensic pho-
tography for the detection and mapping of Egyptian blue and 
madder lake in Hellenistic polychrome terracottas based on their 
photophysical properties. Dye Pigment 136:104–115. https:// doi. 
org/ 10. 1016/j. dyepig. 2016. 08. 030

Kalaitzaki A, Vafiadou A, Frony Α et al (2017) Po-Pu-Re: workshops, 
use and archaeometric analysis in Pre-Roman Central Eastern 
Mediterranean. Mediterr Archaeol Archaeom 17:103–130

159   Page 20 of 23 Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.1007/s12520-021-01397-y
https://doi.org/10.1007/s12520-021-01397-y
https://doi.org/10.1186/s40494-017-0137-2
https://doi.org/10.1186/s40494-017-0137-2
https://doi.org/10.1016/j.dyepig.2017.09.062
https://doi.org/10.1007/s12520-021-01398-x
https://doi.org/10.1007/s12520-021-01398-x
https://doi.org/10.1002/jrs.4813
https://doi.org/10.1016/j.jasrep.2019.102080
https://doi.org/10.1016/j.jasrep.2019.102080
https://doi.org/10.1111/arcm.12177
https://doi.org/10.1111/arcm.12177
https://doi.org/10.3390/molecules24183403
https://doi.org/10.3390/molecules24183403
https://doi.org/10.1179/2047058413Y.0000000090
https://doi.org/10.1179/2047058413Y.0000000090
https://doi.org/10.1016/j.phytol.2018.03.016
https://doi.org/10.1016/j.phytol.2018.03.016
https://doi.org/10.1021/jp048587h
https://doi.org/10.1007/s12520-021-01402-4
https://doi.org/10.1007/s12520-021-01431-z
https://doi.org/10.1007/s12520-021-01431-z
https://doi.org/10.1007/s12520-021-01407-z
https://doi.org/10.1007/s12520-021-01393-2
https://www.getty.edu/conservation/our_projects/science/asian/index.html
https://www.getty.edu/conservation/our_projects/science/asian/index.html
https://doi.org/10.1016/j.jasrep.2019.102065
https://doi.org/10.17658/issn.2058-5462/issue-16/oneobject
https://doi.org/10.17658/issn.2058-5462/issue-16/oneobject
https://doi.org/10.1016/j.microc.2017.08.007
https://doi.org/10.1007/s12520-016-0450-9
https://doi.org/10.1179/sic.2002.47.Supplement-1.56
https://doi.org/10.1179/sic.2002.47.Supplement-1.56
https://doi.org/10.1016/j.dyepig.2016.08.030
https://doi.org/10.1016/j.dyepig.2016.08.030


1 3

Karapanagiotis I (2019) A review on the archaeological chemistry of 
shellfish purple. Sustainability 11:3595. https:// doi. org/ 10. 3390/ 
su111 33595

Karapanagiotis I, Chryssoulakis Y (2006) Investigation of red natural 
dyes used in historical objects by HPLC-DAD-MS. Ann Chim 
96:75–84. https:// doi. org/ 10. 1002/ adic. 20069 0008

Karapanagiotis I, Mantzouris D, Cooksey C et al (2013) An improved 
HPLC method coupled to PCA for the identification of Tyrian 
purple in archaeological and historical samples. Microchem J 
110:70–80. https:// doi. org/ 10. 1016/j. microc. 2013. 02. 008

Karapanagiotis I, Sotiropoulou S, Chryssikopoulou E et al (2017) 
Investigation of Tyrian purple occurring in prehistoric wall paint-
ings of Thera. In: Kirby J (ed) The diversity of dyes in history 
& archaeology. Archetype Publications Ltd., London, pp 82–89

Karapanayiotis T, Jorge Villar SE, Bowen RD, Edwards HGM (2004) 
Raman spectroscopic and structural studies of indigo and its four 
6,6′-dihalogeno analogues. Analyst 129:613–618. https:// doi. org/ 
10. 1039/ B4017 98F

Karydas AG, Brecoulaki H, Bourgeois B, Jockey PH (2009) In situ 
X-ray fluorescence analysis of raw pigments and traces of poly-
chromy on Hellenistic sculpture and the Archaeological Museum 
of Delos. In: Maniatis Y (ed) Proceedings of the 7th Interna-
tional Conference of Association for the Study of Marble and 
Other Stones in Antiquity. École française d’Athènes, Athens, 
pp 811–829

Kirby J (2000) The price of quality: factors influencing the cost of 
pigments during the Renaissance. In: Neher G, Shepherd R 
(eds) Revaluing renaissance art. Ashgate, Aldershot, pp 19–42

Kirby J, Higgitt C, Spring M (2017) Madder lakes of the 15th-17th 
centuries: variability of the dyestuff content. In: Kirby J (ed) 
The diversity of dyes in history & archaeology2. Archetype 
Publications Ltd., London, pp 148–161

Klouzkova A, Kavanova M, Kohoutkova M, et  al (2018) 
Archaoeomtric study of ancient Maya figurines from the col-
lection of the National Museum. Ceram - Silikaty 62:418–431. 
https:// doi. org/ 10. 13168/ cs. 2018. 0039

Knapp CW, Christidis GE, Venieri D, Gounaki I, Gibney-Vamvakari 
J, Stillings M, Photos-Jones E (2021) The ecology and bioac-
tivity of some Greco-Roman medicinal minerals: the case of 
Melos earth pigments. Archaeol Anthropol Sci. https:// doi. org/ 
10. 1007/ s12520- 021- 01396-z

Kokiasmenou E, Caliri C, Kantarelou V et al (2020) Macroscopic 
XRF imaging in unravelling polychromy on Mycenaean wall-
paintings from the Palace of Nestor at Pylos. J Archaeol Sci 
Reports 29:102079. https:// doi. org/ 10. 1016/j. jasrep. 2019. 
102079

Koren ZC (2008) Archaeo-chemical analysis of Royal Purple on a 
Darius I stone jar. Microchim Acta 162:381–392. https:// doi. 
org/ 10. 1007/ s00604- 007- 0862-4

La Russa MF, Ruffolo SA (2021) Mortars and plasters − how to char-
acterise mortars and plasters degradation. Archaeol Anthropol 
Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01405-1

Lancaster LC (2021) Mortars and plasters – how mortars were made. 
The Literary Sources. Archaeol Anthropol Sci. https:// doi. org/ 
10. 1007/ s12520- 021- 01395-0

Lech K (2020) Universal analytical method for characterization of yel-
low and related natural dyes in liturgical vestments from Krakow. 
J Cult Herit 46:108–118. https:// doi. org/ 10. 1016/j. culher. 2020. 
04. 011

Lech K, Poe-Pawlak K, Jarosz M (2009) Characterization of organic 
natural dyes by electrospray mass spectrometry coupled with 
HPLC and/or capillary electrophoresis. In: organic mass spec-
trometry in art and archaeology. John Wiley & Sons, Ltd, Chich-
ester, UK, pp 363–388

Leona M, Casadio F, Bacci M, Picollo M (2004) Identification of 
the Pre-Columbian pigment Maya Blue on works of art by 

noninvasive UV-Vis and Raman spectroscopic techniques. J Am 
Inst Conserv 43:39. https:// doi. org/ 10. 2307/ 31798 50

Leona M, Stenger J, Ferloni E (2006) Application of surface-enhanced 
Raman scattering techniques to the ultrasensitive identification 
of natural dyes in works of art. J Raman Spectrosc 37:981–992. 
https:// doi. org/ 10. 1002/ jrs. 1582

Magaloni-Kerpel D (2010) The hidden aesthetic of red in the painted 
tombs of Oaxaca. Res Anthropol Aesthet 57–58:55–74. https:// 
doi. org/ 10. 1086/ RESvn 1ms25 769972

Mairinger F, Schreiner M (1986) Deterioration and preservation of 
Carolingian and mediaeval mural paintings in the Müstair Con-
vent (Switzerland) Part II: Materials and rendering of the Caro-
lingian wall paintings. Stud Conserv. https:// doi. org/ 10. 1179/ sic. 
1986. 31. Suppl ement-1. 195

Manciu FS, Reza L, Polette LA et al (2007) Raman and infrared studies 
of synthetic Maya pigments as a function of heating time and dye 
concentration. J Raman Spectrosc 38:1193–1198. https:// doi. org/ 
10. 1002/ jrs. 1751

Manfredi M, Barberis E, Aceto M, Marengo E (2017) Non-invasive 
characterization of colorants by portable diffuse reflectance infra-
red Fourier transform (DRIFT) spectroscopy and chemometrics. 
Spectrochim Acta - Part A Mol Biomol Spectrosc 181:171–179. 
https:// doi. org/ 10. 1016/j. saa. 2017. 03. 039

Manhita A, Martins S, Dias CB et al (2016) An unusual mural paint-
ings at the charola of the convent of tomar: red lakes and organic 
binders. Color Res Appl 41:258–262. https:// doi. org/ 10. 1002/ 
col. 22009

Maniatis G, Sakelari H, Kavousanaki D, Minos N (2007) Physicochem-
ical characterisation of pigments from the cist tomb of Pella. 
In: Lilibaki-Akamati M (ed) Cist tomb with painting decoration 
from Pella. Ministry of Culture, Athens, pp 138–175

Mantzouris D, Karapanagiotis I (2015) Armenian cochineal ( Por-
phyrophora hamelii ) and purpurin-rich madder in ancient poly-
chromy. Color Technol 131:370–373. https:// doi. org/ 10. 1111/ 
cote. 12169

Maravelaki-Kalaitzaki P, Kallithrakas-Kontos N (2003) Pigment and 
terracotta analyses of Hellenistic figurines in Crete. Anal Chim 
Acta 497:209–225. https:// doi. org/ 10. 1016/j. aca. 2003. 08. 035

Marcaida I, Maguregui M, Morillas H et al (2018) In situ non-invasive 
characterization of the composition of Pompeian pigments pre-
served in their original bowls. Microchem J 139:458–466. https:// 
doi. org/ 10. 1016/j. microc. 2018. 03. 028

March RE, Papanastasiou M, McMahon AW, Allen NS (2011) An 
investigation of paint from a mural in the church of Sainte Made-
leine, Manas, France. J Mass Spectrom 46:816–820. https:// doi. 
org/ 10. 1002/ jms. 1950

Marín-Aguilera B, Iacono F, Gleba M (2019) Colouring the Mediter-
ranean: production and consumption of purple-dyed textiles in 
Pre-Roman times. J Mediterr Archaeol 31:127–154. https:// doi. 
org/ 10. 1558/ jma. 38080

Mastrotheodoros GP, Beltsios KG, Bassiakos Y (forthcoming) Pig-
ments – iron-based red, yellow and brown ochres. Archaeol 
Anthropol Sci (this Topical Collection)

Melo MJ, Claro A (2010) Bright light: microspectrofluorimetry for 
the characterization of lake pigments and dyes in works of art. 
Acc Chem Res 43:857–866. https:// doi. org/ 10. 1021/ ar900 1894

Melo MJ, Otero V, Vitorino T et al (2014) A spectroscopic study of 
brazilwood paints in medieval books of hours. Appl Spectrosc 
68:434–444. https:// doi. org/ 10. 1366/ 13- 07253

Merwin HE (1931) Chemical analysis of pigments. In: Morris EH, 
Charlot J, Morris AA (eds) The Temple of the Warriors at Chi-
chén Itzá, Yucatán. Carnegie Institution of Washington, Wash-
ington D.C., pp 355–356

Murat Z (2021) Wall paintings through the ages. The medieval period 
(Italy,  12th-15th century). Archaeol Anthropol Sci. https:// doi. org/ 
10. 1007/ s12520- 021- 01410-4

Page 21 of 23    159Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.3390/su11133595
https://doi.org/10.3390/su11133595
https://doi.org/10.1002/adic.200690008
https://doi.org/10.1016/j.microc.2013.02.008
https://doi.org/10.1039/B401798F
https://doi.org/10.1039/B401798F
https://doi.org/10.13168/cs.2018.0039
https://doi.org/10.1007/s12520-021-01396-z
https://doi.org/10.1007/s12520-021-01396-z
https://doi.org/10.1016/j.jasrep.2019.102079
https://doi.org/10.1016/j.jasrep.2019.102079
https://doi.org/10.1007/s00604-007-0862-4
https://doi.org/10.1007/s00604-007-0862-4
https://doi.org/10.1007/s12520-021-01405-1
https://doi.org/10.1007/s12520-021-01395-0
https://doi.org/10.1007/s12520-021-01395-0
https://doi.org/10.1016/j.culher.2020.04.011
https://doi.org/10.1016/j.culher.2020.04.011
https://doi.org/10.2307/3179850
https://doi.org/10.1002/jrs.1582
https://doi.org/10.1086/RESvn1ms25769972
https://doi.org/10.1086/RESvn1ms25769972
https://doi.org/10.1179/sic.1986.31.Supplement-1.195
https://doi.org/10.1179/sic.1986.31.Supplement-1.195
https://doi.org/10.1002/jrs.1751
https://doi.org/10.1002/jrs.1751
https://doi.org/10.1016/j.saa.2017.03.039
https://doi.org/10.1002/col.22009
https://doi.org/10.1002/col.22009
https://doi.org/10.1111/cote.12169
https://doi.org/10.1111/cote.12169
https://doi.org/10.1016/j.aca.2003.08.035
https://doi.org/10.1016/j.microc.2018.03.028
https://doi.org/10.1016/j.microc.2018.03.028
https://doi.org/10.1002/jms.1950
https://doi.org/10.1002/jms.1950
https://doi.org/10.1558/jma.38080
https://doi.org/10.1558/jma.38080
https://doi.org/10.1021/ar9001894
https://doi.org/10.1366/13-07253
https://doi.org/10.1007/s12520-021-01410-4
https://doi.org/10.1007/s12520-021-01410-4


1 3

Nash S (2010) ‘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: Kirby J, Nash S, Can-
non J (eds) Trade in artists’ materials: Markets and Commerce in 
Europe to 1700. Archetype Publications Ltd., London, pp 97–182

Oeter M, Skedzuhn-Safir A (2015) The wall painting technique in the 
temple of Wanla. In: Neuwirth H, Auer C (eds) The three Sto-
ried Temple of Wanla. Graz University of Technology, Graz, 
pp 174–189

Osticioli I, Pagliai M, Comelli D et al (2019) Red lakes from Leon-
ardo’s Last Supper and other Old Master Paintings: micro-Raman 
spectroscopy of anthraquinone pigments in paint cross-sections. 
Spectrochim Acta Part A Mol Biomol Spectrosc 222:117273. 
https:// doi. org/ 10. 1016/j. saa. 2019. 117273

Pagès-Camagna S (2010) Terracottas and colour. In: Jeammet V (ed) 
Tanagras. Figurines for life and eternity. The Musée du Louvre’s 
collection of Greek figurines. Fundación Bancaja, Valencia, pp 
250–251

Papliaka ZE, Konstanta A, Karapanagiotis I et al (2017) FTIR imag-
ing and HPLC reveal ancient painting and dyeing techniques of 
molluskan purple. Archaeol Anthropol Sci 9:197–208. https:// 
doi. org/ 10. 1007/ s12520- 015- 0270-3

Pelosi C, Agresti G, Andaloro M et al (2016) Micro-Raman and micro-
stratigraphic analysis of the painting materials in the Rock-Hewn 
church of THE FORTY MARTYRS IN Şahinefendi, Cappadocia 
(Turkey). Archaeometry 58:659–672. https:// doi. org/ 10. 1111/ 
arcm. 12184

Pereira-Pardo L, Gil M, Prieto B, Silva B (2016) Multi-analytical 
approach to the material characterization of 16th century wall 
paintings from Ribeira Sacra (Galicia, NWSpain): pictorial 
palette, technique and alterations. Color Res Appl 41:263–269. 
https:// doi. org/ 10. 1002/ col. 22029

Pereira-Pardo L, Tamburini D, Dyer J (2019) Shedding light on the 
colours of medieval alabaster sculptures: scientific analysis and 
digital reconstruction of their original polychromy. Color Res 
Appl 44:221–233. https:// doi. org/ 10. 1002/ col. 22323

Pérez-Arantegui. (2021) Not only wall paintings – pigments for 
cosmetics. Archaeol Anthropol Sci. https:// doi. org/ 10. 1007/ 
s12520- 021- 01399-w

Phillipps T (1847) Mappae Clavicula; a manuscript treatise on the 
preparation of pigments and on various processes of the decora-
tive arts practised during the Middle Ages. Archaeol or Misc 
Tracts Relat to Antiq 32:183–244

Pinto M, Gill MS, Georgakopoulou M, Menon S (2018) Examination 
of 14–15th century Buddhist wall paintings from a cave complex 
in Saspol, Ladakh. J Archaeol Sci Reports 21:259–267. https:// 
doi. org/ 10. 1016/j. jasrep. 2018. 07. 016

Ploeger R, Shugar A (2017) The story of Indian yellow – excreting 
a solution. J Cult Herit 24:197–205. https:// doi. org/ 10. 1016/j. 
culher. 2016. 12. 001

Poulin J (2018) A new methodology for the characterisation of natural 
dyes on museum objects using gas chromatography–mass spec-
trometry. Stud Conserv 63:36–61. https:// doi. org/ 10. 1080/ 00393 
630. 2016. 12710 97

Riederer J (1977) Technik und Farbstoffe der frühmittelalterlichen 
Wandmalereien Ostturkistans. In: Härtel H (ed) Beiträge zur 
Indienforschung: Ernst Waldschmidt zum 80. Geburtstag gewid-
met. Museum für Indische Kunst, Berlin, pp 353–423

Rollier-Hanselmann J (1997) D’Auxerre à Cluny: technique de la pei-
nture murale entre le VIIIe et le XIIe siècle en Bourgogne. Cah 
Civilis Médiévale 40:57–90

Ruvalcaba-Sil JL, Wong-Rueda M, Garcia-Bucio MA et al (2017) 
Study of Mexican colonial mural paintings: an in-situ non-inva-
sive approach. MRS Proc 1656:75–93. https:// doi. org/ 10. 1557/ 
opl. 2015.1

Sabatini F, Lluveras-Tenorio A, Degano I et al (2016) A matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry 
method for the identification of anthraquinones: the case of his-
torical lakes. J Am Soc Mass Spectrom 27:1824–1834. https:// 
doi. org/ 10. 1007/ s13361- 016- 1471-4

Salvadori M, Sbrolli C (2021) Wall paintings through the ages. The 
Roman period: republic and early empire. Archaeol Anthropol 
Sci. https:// doi. org/ 10. 1007/ s12520- 021- 01411-3

San Andrés M, de la Roja JM, Baonza VG, Sancho N (2010) Verdigris 
pigment: a mixture of compounds. Input from Raman spectroscopy. 
J Raman Spectrosc 41:1468–1476. https:// doi. org/ 10. 1002/ jrs. 2786

Sánchez del Río M, Doménech A, Doménech-Carbó MT, et al (2011) 
The Maya Blue pigment. In: Galan E, Singer A (eds) Devel-
opments in palygorskite-speiolite research. Volume 3. Elsevier, 
Amsterdam, pp 453–481

Sánchez del Río M, Martinetto P, Solís C, Reyes-Valerio C (2006a) 
PIXE analysis on Maya blue in Prehispanic and colonial mural 
paintings. Nucl Instruments Methods Phys Res Sect B Beam 
Interact with Mater Atoms 249:628–632. https:// doi. org/ 10. 
1016/j. nimb. 2006. 03. 069

Sánchez del Río M, Picquart M, Haro-Poniatowski E et al (2006b) On 
the Raman spectrum of Maya blue. J Raman Spectrosc 37:1046–
1053. https:// doi. org/ 10. 1002/ jrs. 1607

Santi B (1976) Neri di Bicci. Le Ricordanze (10 marzo 1453 - 24 aprile 
1475). Edizioni Marlin, Pisa

Saunders D, Kirby J (1994) Light-induced colour changes in red and 
yellow lake pigments. Natl Gall Tech Bull 15:79–97

Schweppe H (1997) Indigo and woad. In: West Fitzhugh E (ed) Art-
ists’ Pigments: A handbook of their history and characteristics, 
vol 3. National Gallery of Art, Washington DC, pp 81–108

Shahid M, Wertz J, Degano I et al (2019) Analytical methods for 
determination of anthraquinone dyes in historical textiles: a 
review. Anal Chim Acta 1083:58–87. https:// doi. org/ 10. 1016/j. 
aca. 2019. 07. 009

Shekede L, Zaixuan F, Piqué F, Wong L (2010) The role of in situ 
examination in the technical investigation of the Cave 85 paint-
ings. In: Agnew N (ed) Conservation of ancient sites on the 
Silk Road: Proceedings of the Second International Conference 
on the Conservation of Grotto Sites. Getty Publications, Los 
Angeles, pp 430–437

Simpson J, Ambers J, Verri G, et al (2012) Painted Parthian Stuccoes 
from Southern Iraq. In: Matthews R, Curtis J (eds) Proceedings 
of the 7th International Congress on the Archaeology of the 
Ancient Near East, Volume 2. The British Museum and UCL, 
London, pp 209–220

Skedzuhn A, Oeter M, Bläuer C, Luczanits C (2013) The secrets 
of the 14th century wall painting in the Western Himalayas: 
structural damage sheds light onto the painting technique in 
the Tsuglagkhang in Kanji in Ladakh. In: Feigelstorfer H (ed) 
Earth Constructions and Tradition. University of Vienna, 
Wien, pp 205–222

Sotiropoulou S (2004) La pourpre dans l’art cycladique: identifica-
tion du pigment dans les peintures murales d’Akrotiri (Théra, 
Grèce). Preist Alp 40:167–176

Sotiropoulou S, Karapanagiotis I, Andrikopoulos KS et al (2021) 
Review and new evidence on the molluscan purple pigment 
used in the early Late Bronze Age Aegean wall paintings. 
Heritage 4:171–187. https:// doi. org/ 10. 3390/ herit age40 10010

Sutherland K (2019) Gas chromatography/mass spectrometry tech-
niques for the characterisation of organic materials in works 
of art. Phys Sci Rev 4. https:// doi. org/ 10. 1515/ psr- 2018- 0010

Švarcová S, Hradil D, Hradilová J, Čermáková Z (2021) Pigments 
– copper-based greens and blues. Archaeol Anthropol Sci. 
https:// doi. org/ 10. 1007/ s12520- 021- 01406-0

159   Page 22 of 23 Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.1016/j.saa.2019.117273
https://doi.org/10.1007/s12520-015-0270-3
https://doi.org/10.1007/s12520-015-0270-3
https://doi.org/10.1111/arcm.12184
https://doi.org/10.1111/arcm.12184
https://doi.org/10.1002/col.22029
https://doi.org/10.1002/col.22323
https://doi.org/10.1007/s12520-021-01399-w
https://doi.org/10.1007/s12520-021-01399-w
https://doi.org/10.1016/j.jasrep.2018.07.016
https://doi.org/10.1016/j.jasrep.2018.07.016
https://doi.org/10.1016/j.culher.2016.12.001
https://doi.org/10.1016/j.culher.2016.12.001
https://doi.org/10.1080/00393630.2016.1271097
https://doi.org/10.1080/00393630.2016.1271097
https://doi.org/10.1557/opl.2015.1
https://doi.org/10.1557/opl.2015.1
https://doi.org/10.1007/s13361-016-1471-4
https://doi.org/10.1007/s13361-016-1471-4
https://doi.org/10.1007/s12520-021-01411-3
https://doi.org/10.1002/jrs.2786
https://doi.org/10.1016/j.nimb.2006.03.069
https://doi.org/10.1016/j.nimb.2006.03.069
https://doi.org/10.1002/jrs.1607
https://doi.org/10.1016/j.aca.2019.07.009
https://doi.org/10.1016/j.aca.2019.07.009
https://doi.org/10.3390/heritage4010010
https://doi.org/10.1515/psr-2018-0010
https://doi.org/10.1007/s12520-021-01406-0


1 3

Tagle AA, Paschinger H, Richard H, Infante G (1990) Maya blue: 
its presence in cuban colonial wall paintings. Stud Conserv 
35:156–159. https:// doi. org/ 10. 1179/ sic. 1990. 35.3. 156

Tamburini D, Martin de Fonjaudran C, Verri G et al (2018) New 
insights into the composition of Indian yellow and its use in a 
Rajasthani wall painting. Microchem J 137:238–249. https:// 
doi. org/ 10. 1016/j. microc. 2017. 10. 022

Tanevska V, Džidrova L, Minčeva-Šukarova B, Grupče O (2009) 
Micro-Raman pigment analysis of wall paintings from a church 
in the Skopje Fortress, Republic of Macedonia. In: Varella 
EA, Caponetti E (eds) Proceedings of the 2nd residential sum-
mer school: chemistry and conservation science 2008. Italian 
Chemical Society, Rome, pp 271–277

Tomasini EP, Cárcamo J, Castellanos Rodríguez DM et al (2018) 
Characterization of pigments and binders in a mural painting 
from the Andean church of San Andrés de Pachama (north-
ernmost of Chile). Herit Sci 6:61. https:// doi. org/ 10. 1186/ 
s40494- 018- 0226-x

Tsatsouli K, Nikolaou E (2017) The ancient Demetrias figurines: 
new insights on pigments and decoration techniques used on 
Hellenistic clay figurines. STAR Sci Technol Archaeol Res 
3:341–357. https:// doi. org/ 10. 1080/ 20548 923. 2018. 14243 02

Van Elslande E, Lecomte S, Le Hô A-S (2008) Micro-Raman spec-
troscopy (MRS) and surface-enhanced Raman scattering 
(SERS) on organic colourants in archaeological pigments. J 
Raman Spectrosc 39:1001–1006. https:// doi. org/ 10. 1002/ jrs. 
1994

Van Houten Maldonado D (2018) The rare blue the Maya invented. 
https:// www. bbc. com/ cultu re/ artic le/ 20180 816- the- rare- blue- 
the- mayans- inven ted. Accessed 10 Jan 2021

Vázquez de Ágredos-Pascual ML, Roldán-García C, Murcia-Mascarós 
S et al (2019) Multianalytical characterization of pigments from 
funerary artefacts belongs to the Chupicuaro Culture (Western 
Mexico): oldest Maya blue and cinnabar identified in Pre-Colum-
bian Mesoamerica. Microchem J 150:104101. https:// doi. org/ 10. 
1016/j. microc. 2019. 104101

Vázquez de Ágredos V, Pascual ML, Carbó MTD, Carbó AD (2011) 
Characterization of Maya Blue pigment in pre-classic and classic 
monumental architecture of the ancient pre-Columbian city of 
Calakmul (Campeche, Mexico). J Cult Herit 12:140–148. https:// 
doi. org/ 10. 1016/j. culher. 2009. 12. 002

Villar SEJ, Edwards HGM (2005) An extensive colour palette in 
Roman villas in Burgos, Northern Spain: a Raman spectroscopic 
analysis. Anal Bioanal Chem 382:283–289. https:// doi. org/ 10. 
1007/ s00216- 004- 2876-7

Vitorino T, Casini A, Cucci C et al (2015) Non-invasive identifica-
tion of traditional red lake pigments in fourteenth to sixteenth 
centuries paintings through the use of hyperspectral imaging 
technique. Appl Phys A 121:891–901. https:// doi. org/ 10. 1007/ 
s00339- 015- 9360-4

Vitorino T, Melo MJ, Carlyle L, Otero V (2016) New insights into 
brazilwood lake pigments manufacture through the use of histori-
cally accurate reconstructions. Stud Conserv 61:255–273. https:// 
doi. org/ 10. 1179/ 20470 58415Y. 00000 00006

Vitti P (2021) Mortars and masonry - Structural lime and gypsum 
mortars in Antiquity and Middle Ages. Archaeol Anthropol Sci. 
https:// doi. org/ 10. 1007/ s12520- 021- 01408-y

Wallert A (1995) Unusual pigments on a Greek marble basin. Stud 
Conserv 40:177–188. https:// doi. org/ 10. 1179/ sic. 1995. 40.3. 177

Witkowski B, Ganeczko M, Hryszko H et al (2017) Identification of 
orcein and selected natural dyes in 14th and 15th century litur-
gical paraments with high-performance liquid chromatography 
coupled to the electrospray ionization tandem mass spectrometry 
(HPLC-ESI/MS/MS). Microchem J 133:370–379. https:// doi. org/ 
10. 1016/j. microc. 2017. 03. 049

Wouters J, Grzywacz CM, Claro A (2011a) Safflower (Carthamus 
tinctorius L.) used as dye, pigment and rouge in China: modern 
laboratory preparations developed by critical interpretation of 
ancient texts. In: Bridgland J (ed) 16th Triennial Meeting of the 
International Council of Museums. Critério-Produção Gráfica, 
Almada, pp 1–9

Wouters J, Grzywacz CM, Claro A (2010) Markers for identification of 
faded safflower ( Carthamus tinctorius L.) colorants by HPLC-
PDA-MS - ancient fibres, pigments, paints and cosmetics derived 
from antique recipes. Stud Conserv 55:186–203. https:// doi. org/ 
10. 1179/ sic. 2010. 55.3. 186

Wouters J, Grzywacz CM, Claro A (2011b) A comparative investiga-
tion of hydrolysis methods to analyze natural organic dyes by 
HPLC-PDA - nine methods, twelve biological sources, ten dye 
classes, dyed yarns, pigments and paints. Stud Conserv 56:231–
249. https:// doi. org/ 10. 1179/ 20470 5811X 13110 71301 3353

Yong L, Shiwei W (2014) Material analysis of the wall paintings in 
Xialu Temple, Tibet Autonomous Region, China. Stud Conserv 
59:314–327. https:// doi. org/ 10. 1179/ 20470 58414Y. 00000 00127

Yu F (1988) Chinese painting colors: studies of their preparation and 
application in traditional and modern times. University of Wash-
ington Press, Seattle

Zasada-Kłodzińska D, Basiul E, Buszewski B, Szumski M (2020) 
Analysis of natural dyes from historical objects by high perfor-
mance liquid chromatography and electromigration techniques. 
Crit Rev Anal Chem 1–34.https:// doi. org/ 10. 1080/ 10408 347. 
2020. 17436 40

Zhou Z, Shen L, Li C et al (2020) Investigation of gilding materials 
and techniques in wall paintings of Kizil Grottoes. Microchem J 
154:104548. https:// doi. org/ 10. 1016/j. microc. 2019. 104548

Zhu T, Li T, Liu N et al (2016) Hexi painting on Xitian Fanjing, a 
Qing imperial Buddhist temple in Beijing, China: technology 
revealed by analytical approaches (an initial report). Herit Sci 
4:42. https:// doi. org/ 10. 1186/ s40494- 016- 0112-3

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Page 23 of 23    159Archaeol Anthropol Sci (2021) 13: 159

https://doi.org/10.1179/sic.1990.35.3.156
https://doi.org/10.1016/j.microc.2017.10.022
https://doi.org/10.1016/j.microc.2017.10.022
https://doi.org/10.1186/s40494-018-0226-x
https://doi.org/10.1186/s40494-018-0226-x
https://doi.org/10.1080/20548923.2018.1424302
https://doi.org/10.1002/jrs.1994
https://doi.org/10.1002/jrs.1994
https://www.bbc.com/culture/article/20180816-the-rare-blue-the-mayans-invented
https://www.bbc.com/culture/article/20180816-the-rare-blue-the-mayans-invented
https://doi.org/10.1016/j.microc.2019.104101
https://doi.org/10.1016/j.microc.2019.104101
https://doi.org/10.1016/j.culher.2009.12.002
https://doi.org/10.1016/j.culher.2009.12.002
https://doi.org/10.1007/s00216-004-2876-7
https://doi.org/10.1007/s00216-004-2876-7
https://doi.org/10.1007/s00339-015-9360-4
https://doi.org/10.1007/s00339-015-9360-4
https://doi.org/10.1179/2047058415Y.0000000006
https://doi.org/10.1179/2047058415Y.0000000006
https://doi.org/10.1007/s12520-021-01408-y
https://doi.org/10.1179/sic.1995.40.3.177
https://doi.org/10.1016/j.microc.2017.03.049
https://doi.org/10.1016/j.microc.2017.03.049
https://doi.org/10.1179/sic.2010.55.3.186
https://doi.org/10.1179/sic.2010.55.3.186
https://doi.org/10.1179/204705811X13110713013353
https://doi.org/10.1179/2047058414Y.0000000127
https://doi.org/10.1080/10408347.2020.1743640
https://doi.org/10.1080/10408347.2020.1743640
https://doi.org/10.1016/j.microc.2019.104548
https://doi.org/10.1186/s40494-016-0112-3

	Pigments—the palette of organic colourants in wall paintings
	Abstract
	Premise
	Introduction (terminology, historical context, technical documents, recipes)
	Dyes, lakes and organic pigments in painting
	Reds
	Anthraquinones
	Brazilwood
	Safflower red

	Yellows
	Indian yellow
	Gamboge

	Greens
	Verdigris
	Copper resinate

	Purple
	Blues
	Indigo and woad
	Maya blue


	Identification methods
	Concluding summary of key concepts
	References


