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Abstract

Since antiquity, various copper-containing substances have been used as green and blue pigments. Their exceptional diver-
sity, reflecting their various chemical and phase composition, chemical stability as well as their origin, makes their cor-
rect identification challenging. The review focuses on copper-based pigments used in ancient and mediaeval works of art,
especially in wall paintings and/or related polychromed decorations or statues—siliceous copper pigments (Egyptian blue
and green, Han blue and purple, chrysocolla), copper carbonates (azurite, malachite, blue and green verditers), copper
chlorides (atacamite-group, cumengeite, calumetite), copper sulphates (posnjakite, brochantite) and—to a lesser extent—
copper acetates (verdigris) and other organometallics. Particular attention is given to the necessity of the detailed study of
accompanying phases which can serve as useful indicators of natural and/or artificial origin of copper pigments. Factors
affecting the stability of copper pigments in wall paintings—salt attack, oxalic acid, alkalinity and heat—are overviewed. A
suitable analytical approach based on complemental combination of in situ and laboratory analyses for proper identification

and differentiation of copper pigments is proposed.
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Premise

This Topical Collection (TC) covers several topics in the field
of study, in which ancient architecture, art history, archaeol-
ogy 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 (Gliozzo et al. 2021).

This article is part of the Topical Collection on Mortars Plasters
and pigments: Research questions and answers
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The first group of contributions explains how mortars
have been made and used through the ages (Arizzi and Cul-
trone 2021; Ergeng 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 prehis-
toric (Domingo Sanz and Chieli 2021), Roman (Salva-
dori and Sbrolli 2021) and mediaeval (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. 2021),
Cu-based greens and blues (this paper), 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
(Aceto 2021). An overview of the use of inks, pigments
and dyes in manuscripts, their scientific examination and
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analysis protocol (Burgio 2021) as well as an overview of
glass-based pigments (Cavallo and Riccardi 2021) are also
presented. Furthermore, two papers on cosmetic (Pérez-
Arantegui, 2021) and bioactive (antibacterial) pigments
(Knapp et al. 2021) provide insights into the variety and
different uses of these materials.

Introduction

Since ancient times, various copper compounds have been
used as blue and green pigments and dyes. Copper pigments
include natural minerals, such as malachite and azurite, their
artificial analogues (the so-called verditers), various basic
copper chlorides and/or sulphates of ambiguous origin, as
well as synthetic pigments—e.g. ancient Egyptian blue,
mediaeval verdigris (copper acetates), modern emerald
and Scheele greens, or, most recently, phthalocyanine. The
diverse composition of copper-based pigments is illustrated
by Table 1, while the variety of green and blue hues of nat-
ural and artificial mediaeval copper pigments is shown in
Fig. 1. It is astonishing, how the list of historic copper pig-
ments has been still extended and new pieces of knowledge
have been emerged, profiting from increasing quality and
availability of instrumental analytical techniques and inter-
disciplinary scientific research of cultural heritage. Thus,
besides best known pigments such as azurite, malachite
(Gettens and FitzHugh 1993a, b), verdigris (Kiihn 1993) or
Egyptian blue (Riederer 1997), we can find more and more
evidences about the use of less frequent copper chlorides
and sulphates. Presuming that historic copper pigments of
both natural and artificial origin are not usually phase-pure
substances but they commonly consist of colour-bearing and
numerous other accompanying phases, detailed and targeted
analyses can reveal indicators of the pigments’ provenance,
manufacturing procedure or degradation. The aim of this
paper is to overview copper pigments used in ancient and
mediaeval times, especially in wall paintings and related
polychromed objects, and to emphasise the importance of
recognition of subtle details hidden in paint layers.

The basic facts about copper pigments used in ancient and
mediaeval wall paintings and/or related polychromed objects
are overviewed in the “Copper pigments used in ancient and
mediaeval wall paintings” section. The various aspects of
their genesis, involving the indicators of natural origin and
reconstruction of manufacturing of artificial pigments are
discussed on the basis of reported scientific research in the
“Origin of copper-based pigments” section. Finally, the
substantial phenomena affecting the stability of copper pig-
ments are compiled in the “Degradation of copper-based
pigments” section.

@ Springer

Copper pigments used in ancient
and mediaeval wall paintings

Siliceous copper pigments

Pigments containing copper (Cu) and silicon (Si) in their
structure are counted among silicates (e.g. synthetic Egyp-
tian blue, Han blue and purple, or natural chrysocolla) or
silica glasses (e.g. Egyptian green) (Scott 2016; Riederer
1997). However, ancient artificial pigments often vary
in chemical and/or phase composition depending on the
actual manufacturing conditions. Therefore, they can differ
in crystallinity as well as presence of various by-products
or unreacted compounds. For example Egyptian blue,
widely considered to be calcium copper silicate, is rather
a mixture of several crystalline and glassy phases. The sili-
ceous copper substances are assumed to be the most stable
copper pigments, nevertheless, changes in their appear-
ance and/or chemical composition have been reported, e.g.
in connection with salt attack or the alteration of binders
(Coccato et al. 2017).

Egyptian blue

Egyptian blue, the first ingenious man-made pigment ever
and the most successful blue artificial pigment in history,
had been widely employed for 3000 years. It had been used
from about the Fourth Dynasty (ca. 2639-2504 BCE) till
the Roman period (332 BCE-395 CE), adorning wood,
papyrus, stone, cartonnage, stucco, plaster, and metallic
objects (Riederer 1997; Scott 2016). The area of use of
Egyptian blue covers the Mediterranean basin (Egypt,
West Asia, Greece, Italy and Roman sites), while it has
not been found in the pigments analysed from the histori-
cal sites of India, Central and East Asia (Riederer 1997).

Customarily, the term Egyptian blue refers to
CaCuSi, O, corresponding to the mineral cuprorivaite;
however, the numerous analyses of the preserved pigment
specimens excavated in various archaeological sites indi-
cate varied mixtures (David et al. 2001; Pagés-Camagna
and Colinart 2003; Shortland 2006; Pradell et al. 2006;
Hatton et al. 2008). In addition to the colour-bearing
cuprorivaite phase (Pages-Camagna et al. 2006), Egyptian
blue can consist of silicon oxides in the form of quartz,
tridymite or cristobalite, copper alkali-bearing silica glass
phases, wollastonite (CaSiO;), occasionally copper oxides
(cuprite, Cu,0, or tenorite, CuO) or unreacted bronze frag-
ments, and minor phases containing sodium, potassium,
aluminium, iron, tin, arsenic or lead (Riederer 1997; Scott
2016). The presence and abundance of particular phases
reflect the technological process, especially the choice/
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Table 1 Copper-based pigments

Group Name of pigment Colour-bearing phase Possible additional phases Approx. period of use in
paintings
Siliceous Egyptian blue CaCuSi, 0, (cuprorivaite) Quartz, cristobalite, tridymite 2600 BCE-400 CE
(Si0,); (para)wollastonite occasionally 5th—12th c. CE
(CaSi0y); alkali silica cop-
per glass; tenorite (CuO);
cuprite (Cu,0); metal
residues (copper, bronze);
minor components with Na,
K, Al, Fe, Sn, As, Pb
Chinese blue BaCuSi,0,, PbCO;, other Ba-Cu-Si-(Sn) 500 BCE-220 CE
phases
Chinese purple BaCusSi, Oy (blue) + Cu,O PbCO;, other Ba-Cu-Si-(Sn) 500 BCE-220 CE
(cuprite, red) phases
Chrysocolla (Cu, Al),H,Si,05(OH),-nH,0 Undeterminable
Egyptian green Silica-rich copper glass (Para)wollastonite (CaSiO;); 2100 BCE—400 CE
cristobalite, quartz (Si0,);
metal residues
Carbonates Azurite Cu;(CO3),(OH), Malachite; cuprite (Cu,0); 2600 BCE-1800 CE
pseudomalachite
(Cus(PO,),(OH),); Cu/
Zn arsenates; Fe-oxides;
Ti-oxides; barite (BaSO,);
Sb-oxides; aluminosilicates
Blue verditer Cu;(CO;),(OH), (azurite 17th—19th c¢. CE
structure)
Malachite Cu,(CO3)(OH), Azurite + the same minerals 2600 BCE-1900 CE
as for azurite
Green verditer Cu,(CO;)(OH), (malachite Since middle ages
structure)
Chlorides Atacamite™® Cu,CI(OH); Malachite (spherulitic), Cu—  Undeterminable
S-(Cl) phases
Botallackite* Cu,CI(OH); Undeterminable
Clinoatacamite* Cu,CI(OH); Undeterminable
Paratacamite* Cu,CI(OH); Malachite (spherulitic), Cu—  Undeterminable
S-(Cl) phases
Calumetite Cu(OH,Cl)-2H,0 Undeterminable
Cumengeite Pb,,Cu,,Cl,;,(OH),, Undeterminable
Sulphates Antlerite Cu;(SO,)(OH), Undeterminable
Brochantite Cu,(SO,)(OH)g Malachite (spherulitic), Cu-  Undeterminable
CI-(S) phases
Langite Cuy(SO,4)(OH)4-2H,0 Undeterminable
Posnjakite Cu,(SO,)(OH)¢-H,O Malachite (spherulitic), Cu-  Undeterminable
Cl1-(S) phases
As-containing compounds Emerald green Cu,(CH;CO0),(As0,), Since the 19th c. CE
Scheele’s green 2-3Cu0-As,05-2H,0 18th—19th c. CE
Acetates Verdigris neutral Cu(CH;C00),-H,0 (hogan- 7-19th c. CE
ite)
Basic verdigris See Table 3 ?7-19th c. CE
Organometallics Copper resinate Cu salts of resin acids 17th-19th c. CE
Oleates, proteinates Undeterminable
Wax complexes Undeterminable

Phthalocyanine blue

Phthalocyanine green

C3,H,(NgCu
C3,H,N,Cl,,Cu

Since the 20th c¢. CE
Since the 20th c¢. CE

“Polymorphs differing by crystal structure
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Fig.1 Variety of mediaeval natural and artificial copper-based pig-
ments: a artificial “best blue”, a complex mixture of unidentified
products resulting from mixing of NH,Cl and Cu(CH;COO),-H,0
in volume ratio 3:6, resp., prepared by authors following instruc-
tions from the fifteenth century manuscript MS 1243, Bibliotheca
Riccardiana, Padua, Italy (Scott 2002, pp 285); b undefined mixture
of copper acetates collected from copper plates exposed to vinegar
fumes, authors’ unpublished results; ¢ artificial “mountain blue”,
a mixture of gypsum [CaSO,-2H,0], atacamite [Cu,CI(OH);] and
posnjakite [Cu,SO4(OH);-H,O] resulting from mixing of CuSO,,
CaCl, and Ca(OH),, prepared by authors following the descrip-
tion for preparation of artificial azurite by Simiinkové and Bayerova
(2014, pp 79), unpublished results; d artificial malachite [Cu,(CO5)
(OH),] prepared by precipitation (Svarcové et al. 2009); e natural
azurite [Cus(CO3),(OH),], Kremer Pigmente; f artificial “best blue”,
a complex mixture of unidentified products resulting from mixing of
NH,CI and Cu(CH;COO),-H,0 in volume ratio 1:3, resp., prepared
by authors following instructions from the fifteenth century manu-

availability of the raw materials, their proportion and
temperature achieved during the synthesis. Generally,
the pigment can be prepared by heating the raw materials
(Cu-containing ores or metal scraps, lime and silica sand)
together with a few percent of flux (soda, potash, etc.) to
temperatures between 800 and 1100 °C (Pages-Camagna
and Colinart 2003; Berke 2007).

The use of Egyptian blue lasted sporadically till the
Middle Ages as evidenced by its identification in several
wall paintings from the fifth to the ninth century, as over-
viewed by Riederer (1997). Later on, its manufacturing
technology had been completely abandoned or forgotten
(Orna et al.1980). However, the exceptional association
of Egyptian blue with ultramarine blue in early mediaeval
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script MS 1243, Bibliotheca Riccardiana, Padua, Italy (Scott 2002,
pp 285), unpublished results; g artificial “mountain blue”, a mix-
ture of gypsum [CaSO,-2H,0], atacamite [Cu,CI(OH);], devilline
[CaSO,-Cu,SO,(OH)4H,0], CaCO;-H,0 and malachite [Cu,(CO5)
(OH),], resulting from mixing of CuSO,, CaCl,, Ca(OH), and
K,CO; prepared by authors adapting the description for prepara-
tion of artificial azurite by Siminkové and Bayerova (2014, pp 79),
unpublished results; h mixture of artificial brochantite [Cu,(SO,)
(OH)4] and malachite [Cu,(CO;)(OH),] prepared by precipitation
(§Varcové et al. 2012); i CuCl,-2H,0, LachNer Chemicals; j mala-
chite natural [Cu,(CO5)(OH),], Kremer Pigmente; k artificial pos-
njakite [Cu,(SO,)(OH)¢-H,O] prepared by precipitation (Svarcové
et al., 2009); I neutral copper acetate [Cu(CH;COO),-H,0], LachNer
Chemicals; (m) artificial paratacamite [Cu,Cl(OH);] prepared by pre-
cipitation (Svarcovi et al. 2012); n undefined mixture of copper ace-
tates collected from copper plates exposed to vinegar fumes (authors’
unpublished results); o artificial malachite [Cu,(CO;)(OH),] prepared
by precipitation (Svarcova et al. 2009), different batch than in d

wall paintings was recently reported by Cavallo et al. (2020).
Even later re-use of Egyptian blue was reported by Pozza
et al. (2000), Lluveras et al. (2010a) or Bredal-Jgrgensen
et al. (2011). In such cases, finding of Egyptian blue on
mediaeval paintings can be interpreted as an accidental use
of pigments’ remnants from the former Roman settlements
(Lluveras et al. 2010a).

Egyptian green

Egyptian green, sometimes also called the “green frit”, can
exhibit a range of colours from green through turquoise to
pale blue, reflected by the various terms referring to the
pigment (Hatton et al. 2008). In comparison to its blue
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counterpart, Egyptian green was much less known for a
long time (Scott 2016), although its existence and inten-
tional production has been proposed by scientists since the
1970s (Riederer 1997). It had been believed that, contrary
to Egyptian blue, the green pigment had not been used
outside the Egyptian territory (Scott 2016) as it was found
on artefacts from 2100 to 1069 BCE corresponding to the
Middle and New Kingdoms (Pages-Camagna and Colinart
2003; Moussa et al. 2009). However, Perez-Rodriguez et al.
(2015) reported presence of Egyptian green in the fragments
of Roman mural paintings in the Royal Alcazars of Seville,
Spain. Similarly to Egyptian blue, the green pigment is a
heterogeneous material; however, the colour-bearing phase
is silica-rich copper glass (Pages-Camagna et al. 2006),
predominantly accompanied by parawollastonite (CaSiO;
polymorph formed between 950 and 1150 °C) and possibly
other minor phases (e.g. cristobalite, quartz, metal residues
etc.). The final composition depends on both the raw materi-
als and the firing temperature as evidenced in an extensive
study of both the archaeological pigment specimens and the
technological replicas performed by Pages-Camagna and
Colinart (2003). The authors demonstrated that the synthetic
procedure is close to that of Egyptian blue, but it differs in
higher Ca/Cu ratio as well as higher amount of flux in the
starting mixture.

Chinese (Han) blues and purple

Chinese blue and purple barium copper silicate pigments
were invented in northern China probably not earlier than
800 BCE (Berke 2007). The pigments were first evidenced
on ancient artefacts by FitzHugh and Zycherman (1983,
1992) who termed them “Han”. They were identified on
artefacts from the Warring States Period (475-221 BCE)
and the Han Dynasty (208 BCE-220 CE) (Berke 2007;
Xia et al. 2014; Zhang et al. 2019). The similarity of the
composition and manufacturing of the Chinese pigments to
Egyptian blue is astonishing, although they were probably
invented independently. The colour-bearing phase of Han
blue, BaCuSi,O,, is a structural analogue of cuprorivaite,
differing only by the presence of Ba ions instead of Ca.
In their crystal structure, copper ions (playing the role of
chromophores) are very tightly bound in the stable silicate
matrix and cannot be removed easily by chemical and physi-
cal means, resulting in the high stability of Egyptian and
Han blue (Berke 2007). On the contrary, the crystal structure
of colour-bearing phase of Han purple, BaCuSi,Og, differs
significantly. It contains an untypical copper—copper bond
responsible for the low chemical stability of the pigment
(Berke 2007). Similarly to Egyptian pigments, their Chi-
nese counterparts were produced by heating the raw materi-
als involving barium minerals (barite, BaSO,, or witherite,
BaCO0,), silica sand (SiO,), copper minerals (e.g. malachite,

Cu,(CO;)(OH),) and lead flux additives (Pb oxides or car-
bonates) to temperatures 900—1000 °C. Thus, the final prod-
ucts also consist of additional components formed during the
heat treatment of the starting mixture, especially lead-based
phases (oxides and carbonates) are reported as the residues
of flux (Berke 2007; Xia et al. 2014). It is noteworthy that
the purple hue of Han purple is caused by the presence of red
copper(I) oxide (Cu,O, cuprite) which is slowly generated
by the decomposition of BaCuSi,O¢ (Berke 2007). Recently,
Chinese dark blue (BaCu,Si,0,) and pabstite (BaSnsi;Og)
have been identified as additional phases together with Han
blue and/or purple by Xia et al. (2014) and Zhang et al.
(2019), illustrating the diversity of the products.

Chrysocolla

The extent of the use of the naturally occurring poorly
crystalline blue-green copper mineral chrysocolla,
(Cu,Al),H,(S1,05)(OH),,-n(H,0), as a pigment is question-
able (Scott 2016). In the antiquity, it was used as an ingre-
dient to solder gold, which is reflected in its name derived
from the Greek words for gold (chrysos) and glue (kolla).
However, the term chrysocolla can also refer to malachite in
the classical and mediaeval literature (Gettens and FitzHugh
1993a). Scott (2016) pointed out that the determination of
its presence can be troublesome because of varying opti-
cal characteristics and the degree of crystallinity which can
result in confusion, for example with Egyptian green. The
use of chrysocolla as a pale blue pigment was reported by
Mugnaini et al. (2006), who identified it in the draperies on
the thirteenth century wall paintings excavated under the
floor of the cathedral in Siena, Italy.

Basic copper carbonates

Basic copper carbonates, blue azurite (Cu;(CO;),(OH),)
and green malachite (Cu,(CO;)(OH),), are the best known
and wide-spread representatives of copper mineral-type pig-
ments, and had been used since antiquity till the modern
era (Gettens and FiztHugh 1993a,b). Both mineral pigments
have their artificial analogues called “verditer” or “bice”,
having identical chemical composition as well as crystal-
line structure, but differing by circular habitus of their crys-
tal particles. However, while the artificial malachite can be
found already in mediaeval artworks (évarcové et al. 2009),
the artificial azurite appeared later on—in the seventeenth
century (MacTaggart and MacTaggart 1980).

Azurite and malachite
Azurite was the most important blue pigment in mediaeval

European painting up to the seventeenth century; its wide-
spread use was closely linked to the development of Cu-ore
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mining in Europe, and it was significantly favoured due to
its lower price compared to natural ultramarine, a pigment
separated from lapis lazuli, which was imported from the
present-day Afghanistan and which was preferably used in
Mediterranean. Efforts to gradually replace it date back to
the sixteenth century: at first, it was substituted by the newly
available smalt (Co-containing glass), which, however, did
not exactly have the same colour and intensity. Instead,
azurite was being “faded” with smalt in various propor-
tions, as evidenced by a number of examples (Fig. 2). In
the Flemish countries, for example azurite was mixed also
with indigo (organic blue dyestuff extracted from the leaves
of some plants of the Indigofera genus). An almost com-
plete replacement of mineral azurite in Europe at the begin-
ning of the eighteenth century was caused by the expansion
of Prussian blue in the painting. Besides Europe, azurite
was also the most important blue pigment of the Far East
(Gettens and FiztHugh 1993b). Very early evidence of the
use of azurite was reported by Camurcuoglu (2015), who
found it in a burial context at Neolithic Central Anatolian
Site—however, not as the material for wall paintings, but
probably as cosmetic. Although azurite pigment was known
in ancient Egypt (David et al. 2001), it was not widely used
there because of the easy availability of artificial Egyptian
blue (Gettens and FiztHugh 1993b; Scott 2016).

Despite its higher abundance in nature, malachite is
less commonly mentioned in the art literature than azurite
(Gettens and FiztHugh 1993a), which is probably caused
by the simultaneous availability of other green pigments
such as artificial verdigris or natural green earths (cela-
donite, glauconite). In ancient and mediaeval artworks, it
would be beneficial to distinguish in which regions the green

50 um

Fig.2 Azurite and smalt used together in original layers of oil-on-
canvas painting St. John the Baptist with his Follower dated to the
seventeenth century, Tieboni Castle, Czech Republic; simplified
description of layer stratigraphy on the micro-section in visible light:
1 clay-based ground, 2 smalt, 3 azurite mixed with massicot
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earth was prevailing and in which the Cu pigments were
preferentially used. According to yet unpublished and frag-
mentary evidences it corresponds with the availability of
these minerals—while the green earth was more frequent
in Southern Europe, because of rich sources of celadonite
near Verona, Italy, and in Cyprus, in Central Europe Cu
pigments prevailed. Generally, malachite is accompanying
azurite in nature, which constitutes a precondition of their
use in the same historical periods. It almost disappeared in
the nineteenth century because of the availability of cheaper
synthetic greens (emerald green, Scheele green, chromium
green etc.). In addition, malachite was used abundantly also
in the Far East (Gettens and FiztHugh 1993a) and in ancient
Egypt, where it represented the most common cosmetics;
however, it was also used in paintings as evidenced by its
identification in numerous artefacts (Scott 2016).

Regarding their natural origin, both minerals form as
secondary minerals in the upper weathered (oxidation)
zones of copper ore deposits, usually in mutual associa-
tions, accompanied by other copper-rich and other min-
erals (Table 1) (Hradil et al. 2008; Aru et al. 2014). With
respect to their geological formation, both minerals were
most typically exploited as secondary products of copper
mining. Preparation of minerals for pigment use typically
involved grounding of mineral lumps followed by washing,
levigating and sieving of the powders. While the coarsely
ground mineral produces dark hues, the fine grinding results
in lighter tones (Gettens and FiztHugh 1993a). Significant
mediaeval sources of azurite and malachite are documented
in today’s Slovakia (namely, Lubietova and §pania Dolina
in Banska Bystrica mining district), which was mentioned
in the written sources dating from the thirteenth to the nine-
teenth century, and also French deposits in Chessy near Lyon
(Gettens and FiztHugh 1993a,b; Heydenreich et al. 2005;
Velebil 2008; Heydenreich 2013).

Blue and green verditer (artificial azurite and malachite)

Both azurite and malachite have their artificial analogues.
Blue verditer or blue bice are terms for artificial azurite and,
similarly, green verditer or green bice denote the artificial
malachite. However, many of the terms applied to azurite
and malachite (that is mountain blue, mountain green and
their linguistic variants) have also been used to describe the
blue and the green verditer and vice versa. Van Loon and
Speelers (2011), who identified both verditers in the mid-
seventeenth century oil paintings in Oranjezaal, The Hague
(the Netherlands), pointed out that the indefinable colour
of the verditer products, varying between blue and green,
was reflected in the vague terminology of the contemporary
(i.e. the seventeenth century) treatises. Nomenclature con-
fusion of copper carbonates and copper silicates was also
common. As mentioned above, malachite is often referred to
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as chrysocolla in classical and mediaeval treatises (Gettens
and FiztHugh 1993a; Heydenreich et al. 2005).

Green verditer (artificial malachite) can be prepared
by precipitation: adding sodium bicarbonate/carbonate
into copper sulphate/nitrate solution or combining copper
nitrate with chalk, resulting in a pale green product of dis-
tinctively spherulitic crystal habit, which are almost uniform
in size (Naumova et al. 1990; Gettens and FiztHugh 1993a;
Svarcova et al. 2009). However, spherulitic particles do not
automatically prove the synthetic origin of the pigment.
Heydenreich et al. (2005) reported the formation of spheru-
litic mineral malachite by natural precipitation from copper
mine flowing water or on tailings, describing the situation
in the above-mentioned Bansk4 Bystrica region (Slovakia).

Preparation of the blue verditer has been described
similarly to green verditer (Gettens and FiztHugh 1993Db).
However, in contrast to artificial malachite, the actual arti-
ficial azurite with typical spherulitic particles was probably
produced and used later, being a by-product of silver and
gold refiners’ craft in England (MacTaggart and MacTag-
gart 1980). MacTaggarts experimentally demonstrated that
the character of the end product depends on reaction condi-
tions, especially on the temperature and the stirring; while
blue verditer required precipitation at low temperatures (not
above 12—16 °C), the green one forms easily under wide
range of conditions. Besides the seventeenth century paint-
ings in Oranjezaal (Van Loon and Spellers 2011), the blue
verditer is reported as a well-established pigment used by
interior decorators in the seventeenth—eighteenth century in
England (Gettens and FiztHugh 1993b) or it was found in
the seventeenth century Russian wall paintings (Naumova
and Pisareva 1994).

Thermodynamics of basic copper carbonates

Comparing azurite and malachite, the latter is more abun-
dant in nature and is obtained more easily by precipitation.
This is in accordance with the thermodynamics. From a
thermodynamic point of view, tenorite (CuO) is the most
stable solid phase at atmospheric conditions (i.e. partial
pressure of carbon dioxide is approximately 40 Pa, cor-
responding to its common concentration of 0.04% vol. in
the air) according to the predominance diagram for the
Cu**-H,0-CO, system (for temperatures 280-350 K)
reported by Preis and Gamsjidger (2002). Their values
imply that malachite is the most probable product of pre-
cipitation at atmospheric conditions, while azurite can
form under much higher partial pressure of CO, (above
0.1 MPa). Kiseleva et al. (1992) reported values of Gibbs
free energy of the transition of malachite to tenorite
(AG,°= —4.6 kJ) and the transformation of azurite to
malachite (AG,° = —28.5 kJ). These thermodynamic rela-
tions mean that the transition of malachite to tenorite is

thermodynamically favourable (i.e. for AG <0 the process
proceeds spontaneously), but kinetic factors probably pre-
vent it (i.e. the reaction rate of the transition is very slow).
It explains a much wider distribution and more frequent
occurrence of malachite relative to azurite in nature and
also the fact that azurite commonly alters into malachite.

Basic copper chlorides

Basic copper chlorides (atacamite, paratacamite, clinoat-
acamite and botallackite, Cu,CI1(OH);) are well-known
corrosion products formed on copper and bronze objects
(Scott 2002). Nevertheless, they are also increasingly
reported as components of paint layers in various types of
painted artworks: panel and easel paintings (Salvad¢ et al.
2002; Svarcovi et al. 2014), as well as wall paintings and
polychromed objects (see Table 2). They have been con-
sidered to be less common pigments, but some recent stud-
ies indicate their regional abundancy, e.g. in the mediaeval
murals in Swedish churches, especially on the Gotland
island (Nord and Tronner 2018). Yong (2012) reported
that in Chinese murals, they were even more popular than
green malachite.

Although having identical chemical composition
(Cu,CI(OH),), the basic copper chlorides differ in crystal
structures. Therefore, distinguishing among individual
polymorphs is possible only with phase sensitive analy-
sis (such as X-ray powder diffraction, XRPD, or Raman
spectroscopy, RS). These pigments of pale vivid green
colour exist as natural minerals, which are formed in the
weathering zones of copper-bearing ores in arid climates,
e.g. in the Atacama Desert (Pollard et al.1989). Botal-
lackite can form also under influence of seawater as in
Botallack mining area in Cornwall, UK (Krause 2006).
However, all the minerals are reported as rare, and thus, it
can be deduced that their artificial analogues were primar-
ily employed for pigment usage. In fact, there are several
mediaeval recipes for preparation of green pigment using
common salt (NaCl) or sal ammoniac(NH,CI).The best
known recipe, forViride salsum,was provided by Theo-
philus in the twelfth century and similar recipes are docu-
mented in old Chinese treatises (Scott2002; Yong,2012).

Occasionally, other copper chlorides were identified
in the paintings: zinc-copper chlorides (Alejandre and
Mirquez 2006), cumengeite (§varcové et al. 2009) or calu-
metite (Naumova and Pisareva 1994; Salvado et al. 2002).
Besides their intentional use, the frequent occurrence of
copper chlorides on wall paintings or in the remnants of
polychromes on stone or ceramic might also be due to salt
corrosion of another copper-based pigment, usually azurite
(Svarcovi et al. 2009).
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Basic copper sulphates

Basic copper sulphates are less-common pigments. They
occur in a rather large number of structural polymorphs
and have close chemical composition, differing by the
number of hydroxyl groups and/or molecules of crys-
talline water. The most frequently reported basic cop-
per sulphates include brochantite (Cu,SO4(OH)¢) and
posnjakite (Cu,SO4(OH)4-H,0), less frequently langite
(Cu,SO4(OH)4-2H,0) or antlerite (Cu;SO,(OH),) (Scott
2002). All of them are formed as secondary minerals in the
oxidation zones of copper ores, especially in the arid areas.
Similarly to basic copper chlorides, they are relatively rare
minerals, usually associated with more abundant malachite.

In the field of cultural heritage, these phases are well-
known as corrosion products of copper artefacts exposed to
outdoor environments, besides copper chlorides and carbon-
ates, which are also present in the copper patina (Kriatchmer
et al. 2002). Their occurrence in painted artworks is reported
quite sporadically, but they might be present in various types
of paintings including illuminated manuscripts (Gilbert et al.
2003), panel and canvas paintings (Naumova et al. 1990;
Correia et al. 2007) and/or wall paintings (see Table 2).
Their presence is under brisk discussion, since the origin of
these pigments remains unresolved. Some authors deduce
their artificial origin (Naumova et al. 1990), some explain
them as natural impurities of mineral malachite (Bersani
et al. 2003), while others describe them as alteration prod-
ucts of another copper pigment (Pérez-Alonso et al. 2006).
Obviously, there is no universal explanation of the origin of
copper sulphate phases in paint layers, therefore, specific
factors have to be considered for the interpretation of their
occurrence.

Copper acetates

Copper(Il) acetates are the most typical representatives
of the so-called verdigris pigments. The term “verdigris”
has a loose definition and it does not always refer specifi-
cally to copper acetate. It may actually be a mixture of car-
boxylate salts or even basic copper chlorides, carbonates

or other compounds that resulted from various preparation
procedures (Kiihn 1993; Scott 2002; Van Eikema Hommes
2004, Kiihn 1993). Bluish green or blue verdigris is a typi-
cal example of an artificial pigment known since antiquity
(Kiihn 1993). Its manufacturing consisted in collection of
corrosion products formed on the surface of copper and/
or copper alloys exhibited to acetic acid vapours as follows
from many historical recipes, which advise hanging copper
plates in a pot over strong hot vinegar. Since the twelfth cen-
tury, verdigris of highly regarded quality had been produced
in the French wine-growing region around Montpellier as
a by-product of the wine-making process (Van Eikema
Hommes 2004). Apart from the unrefined verdigris, paint-
ers used distilled (also crystallised or purified) verdigris.
Distillation was a purification process consisting in dissolu-
tion of verdigris in vinegar and subsequent recrystallisation
of neutral copper acetate (Kiihn 1993; Van Eikema Hommes
2004).

The use of verdigris was confirmed mostly from the
thirteenth to the nineteenth century in Europe. It is docu-
mented in Gothic panel paintings and illuminations, and was
widely used in early oil paintings as a green pigment to pro-
duce intense pure green tones for landscapes and draperies
(Thompson 1956; Kiihn 1993). On the contrary, a conclusive
evidence of verdigris in wall paintings is scarce (Villar and
Edwards 2005; Damiani et al. 2014; Fioretti et al. 2020),
which can reflect both its instability in the conditions of wall
painting (Svarcovi et al. 2009; Coccato et al. 2017) and the
problem with its unambiguous identification.

As it has been already mentioned, there is a nomen-
clature confusion about the “verdigris” term. Even when
using the term verdigris to refer exclusively to cop-
per acetates, the situation does not become much clearer
(Table 3). Besides neutral copper acetate, correspond-
ing chemically and structurally to mineral hoganite
(Cu(CH;COO0),-H,0), and its less frequent anhydrous
variant, five distinctive basic copper acetates of the general
formula xCu(CH;COO),-yCu(OH),-zH,0 have been theo-
retically proposed (Scott 2002). However, the paucity of the
reliable crystal structure data has made an exact identifica-
tion of these substances almost impossible. Recently, the

Table 3 Reported copper acetates of the general formula xCu(CH;COO),-yCu(OH),-zH,0

Type x-y-z phase Crystal system Colour Reference

Neutral (hoganite-like) 1-0-1 Monoclinic Blue green Meester et al. (1973)
Neutral (anhydrous) 1-0-0 Triclinic Blue green Bette et al. (2019)
Basic 2-1-5 Monoclinic Pale blue Bette et al. (2018)
Basic 1-3-2 Monoclinic Pale green Svarcovi et al. (2011)
Basic 1-2-0 Orthorhombic Blue Bette et al. (2017)
Basic 1-1-3 Undetermined Blue green Scott (2002)

Basic 1-1-5 Undetermined Pale blue Kiihn (1993)
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crystal structure has been determined for anhydrous neutral
copper acetate Cu(CH;COO), (Bette et al. 2019) and for
basic copper acetates corresponding to the following x—y-z
phases—1-3-2 (gvarcové et al. 2011), 1-2-0 and 2-1-5
(Bette et al. 2017, 2018). Nevertheless, other factors (such
as the presence of more copper acetate variants, the presence
of lead-based pigments, the interactions between copper ace-
tates with organic binders) in the paint layers can impede the
successful identification or differentiation of copper acetates
(Svarcova et al. 2014).

Copper resinate and other copper organometallics
(oleates, proteinates)

Copper resinate is the name commonly given to the transpar-
ent green glazes that are coloured by copper salts of resin
acids (Kiihn 1993). However, the term is often incorrectly
used for any green copper-containing glazing paint which
does not show discrete pigment particles under the micro-
scope. Such observation is not a positive proof of copper res-
inate. Colombini et al. (2001) demonstrated that analysis of
organic fraction using sensitive method such as gas chroma-
tography and mass spectrometry (GC-MS) is necessary to
properly identify copper resinate. The preparation of copper
resinate mostly consisted in dissolution of verdigris in a mix-
ture of turpentine (obtained by distillation of natural resin)
and turpentine essence under heating. In other ancient reci-
pes, various admixtures such as mastic resin, beeswax, lin-
seed oil or rock alum are found (Kiihn 1993; Colombini et al.
2001). However, visually similar paints could be obtained by
mixing verdigris with drying oils, mixtures of oils and res-
ins or even proteinaceous media. Nevertheless, Van Eikema
Hommes (2004), in agreement with Kiithn (1994), pointed
out that only oil-based medium was identified in the increas-
ing number of analyses of binding media in copper green
glazes carried out in recent years. The transparent copper

green glazes were applied in the easel paintings of the fif-
teenth to the sixteenth century. They disappeared from art-
ists’ palettes in the eighteenth century which is sometimes
interpreted as the painters’ reaction on recognised colour
instability manifested by browning of the green (Van Eikema
Hommes 2004; Kiihn 1993).

In wall paintings, copper oleates, resinates and/or pro-
teinates seem to be scarce, although some examples have
been observed—for example on a mediaeval mural from the
Kadati monastery, Czech Republic (Fig. 3). In some other
cases, like in green parts of the Persian oil wall paintings of
the Safavid period (1501-1736), there is an uncertainty over
whether copper oleates found in the transparent green layers
were intentionally prepared or whether they formed sponta-
neously over time between copper compounds used as pig-
ments and the binding media (Samanian 2015). Examples of
copper-proteinate, copper-carbohydrate and/or copper-wax
pigments on various Egyptian artefacts are reported by Scott
(2016). However, no wall painting was among them.

Origin of copper-based pigments

Identification of the pigment is usually interpreted as the
identification of the colour-bearing phase. Such approach is
satisfactory for the basic evaluation of the employed palette.
However, accompanying phases—such as accessory miner-
als or remnants of the manufacturing process (Table 2)—can
provide additional information relevant for the determination
of pigment origin. Consequently, their identification can lead
to reconstruction of pigment preparation process or deter-
mination of provenance of raw materials. These can both
contribute to our understanding of exchange of technological
know-how or cultural and economic relations in the past.
Therefore, increased attention should be paid to the descrip-
tion of minor accompanying components, which potentially

Fig.3 Copper oleate used in the wall painting in the Franciscan Mon-
astery in Kadarti, Czech Republic, dated to 1520; detail of the painting
with the sampling location indicated on the right and cross-section of
the micro-sample in visible light on the left; simplified description of

the layer stratigraphy: 1 plaster, 2 oil-based isolation, chalk and min-
ium, 3 charcoal, verdigris, lead—tin yellow, 4 copper oleate (darkening
visible on the top)—verdigris, lead—tin yellow and earth pigment, 5
lead white and lead—tin yellow

@ Springer
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represent fingerprints of provenance either of the pigments,
or the works of art.

Indicators of natural origin

Generally, azurite and malachite are the most abundant nat-
ural copper-bearing minerals that were intentionally used
as pigments. However, it is always necessary to take into
account the local context, as geological situation can differ
significantly. For example Tomasini et al. (2013) reported
the use of natural atacamite in the colonial polychromed
sculpture in Peru, in the neighbouring region of the Atacama
Desert, the type locality of atacamite-group minerals. On
the other hand, natural origin of atacamite phases detected
in paint layers in European context is scarcely conceivable,
as there was no available significant and abundant deposit
of pure atacamite.

There are two main indicators of natural origin—the
size and the morphology of the pigment grains and their
characteristic admixtures, which are usually minor and
randomly distributed in the paint layer. While homogene-
ous rounded and mostly small particles (possibly forming
aggregates) indicate artificial preparation, mineral grains
are usually larger and sharp-edged. Their size varies and
can be homogenised only by succeeding grinding. Aru et al.
(2014) studied azurite specimens from European and Moroc-
can copper mining locations with possible relation to medi-
aeval mining activities. They identified following mineral
phases as common impurities: malachite, hematite (Fe,0;),
goethite (a-Fe"O(OH)), cuprite (Cu,0), rutile (TiO,) and
anatase (TiO,), while other minerals such as quartz, calcite,
cerussite, orthoclase (K(AlSi;Oyg)), beudantite (PbFe;(AsO,)
(SO,)(OH),) and jarosite (KFe';(SO,),(OH),) were less fre-
quent. We can recognise two types of admixtures: (i) very
common and non-specific ones, such as Fe oxides, silicates,
etc., and (ii) rarer ones that may help specify the mineral’s
origin and provenance.

A certain specificity can have, for example admixtures of
arsenates (such as olivenite, Cu,(AsO,)(OH), or adamite,
Zn,(AsO4)(OH)) or barium sulphate (barite, BaSO,). Their
presence in natural azurite grains is usually indicated by var-
iable amounts of As and/or Ba. The undoubtedly identifica-
tion of these minor accompanying minerals depends on their
amount and distribution in paint layers. The relatively high
concentration of arsenic salts in azurite paint layer from the
Gothic Altarpiece in Matejovce, Slovakia, allowed even their
detection by micro-XRPD and the position of diffraction
lines indicated solid solution of olivenite and adamite type
(Hradil et al. 2008). In the Gothic wall paintings in Sdzava
monastery, Czech Republic (Svarcova et al. 2009), arsenic
salts remained intact, while azurite and malachite had par-
tially transformed to atacamite, a corrosion product result-
ing from chloride action in the masonry. Therefore, they

@ Springer

proved the previous presence of natural pigment (Fig. 4).
As and Zn admixtures were found in the azurite and mala-
chite paint layers of wall paintings decorating the cloisters
of the bishop castle in Lidzbark Warminski, Poland, con-
nected culturally with the court of the Holy Roman Emperor
Charles IV, whose painters decorated the above-mentioned
Séazava monastery (Hradil et al. 2012). Besides copper and
zinc arsenates, antimony, nickel, silver and bismuth oxides
as well as barite and copper phosphates (pseudomalachite-
like minerals) were occasionally found as other minor phases
accompanying natural azurite and malachite in the above-
mentioned and other paintings (Hradil et al. 2008, 2012;
Svarcova et al. 2009, 2012; Bordignon et al. 2008). Copper
arsenates were identified also in one of the oldest wall paint-
ings in Ala di Stura, Italy (Aceto et. al 2012), in a green
powder in the excavated pot in Pompeii (Aliatis et al. 2019),
or in post-Byzantine wall paintings in the Filanthropinon
monastery, Greece (Mastrotheodoros et al. 2019), where
they detected increased content of Zn and As together with
malachite, Ca-Mg inclusions in malachite grains (suggesting
the formation of dolomite) and Zn in an azurite paint layer.

These findings bring up a question whether the pres-
ence of such admixtures can be useful for tracking back the
historic source of the pigments. The presence of arsenic,
antimony or silver in copper deposits is reported, e.g. in the
Lubietova (Lybethen) deposit located in Banska Bystrica
(Neusohl) region, Slovakia (Toegel 2005; Andras et al.
2010), where the historic mining activity is documented
from the thirteenth to the nineteenth century (Heydenreich
et al. 2005). Another important copper ore deposit was the
French Chessy near Lyon, where the time span of mining
was similar, between the thirteenth and the nineteenth cen-
tury (Gettens and FitzHugh 1993b; Velebil 2008). However,
the mining of the oxidation zone (the so-called blue mine)
rich in azurite dated to 1811-1845, while in the Middle
Ages, the primary sulfidic ore mineralisation (the so-called
yellow mine) was probably exploited. The “blue mine” in
Chessy locality is predominantly formed by azurite, while
malachite, cuprite, smithsonite (ZnCO;) and barite (BaSO,)
occur only sporadically (Velebil 2008).

The presence of minor phases alone can be understood
also as an important material fingerprint, characteristic for
an author or a workshop. We can assume that authors associ-
ated with individual workshops preferred specific pigment
suppliers or sources and that this preference and knowledge
of materials was passed on in the community. Buzgar et al.
(2014) identified three groups of copper pigments in the
exterior wall paintings (all dated to 1547) in the Voronet
Monastery, Romania: in addition to azurite, they found mal-
achite associated with conichalcite (CuCa(AsO,)(OH)) and
basic copper sulphates accompanied by rare dolerophanite
(Cuy(S0O,)0). Since the copper sulphates were found only
on the north wall and the accessory minerals have different
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Fig.4 X-ray intensity maps

of selected elements in the
paint layers of the sample from
the Gothic wall painting The
Joseph’s Doubt, Sdzava Monas-
tery, Czech Republic, indicating
the presence of natural minerals
accompanying malachite—Cu/
Zn arsenates, pseudomalachite
(Cu-P), iron oxides—and also
secondary Cu chlorides. The
analysed area is marked by the
red rectangle on the micro-
photographs of the polished
cross-section. Adopted from
Svarcova et al. (2012)

200 pm

@ Springer



190 Page 14 of 29

Archaeol Anthropol Sci (2021) 13: 190

genesis (dolerophanite is a volcanic sublimate, while con-
ichalcite forms in the oxidation zone of Cu ores), the authors
deduce that either the green copper pigments were obtained
from two sources, or that partial repainting could take place
on the site.

The above-mentioned examples illustrate that the knowl-
edge of possible accompanying minor phases may help in
tracing natural sources of raw materials. In addition, it pre-
vents automatic and simplistic identification of the pigments.
A conjoint presence of Cu and As might be, for example
erroneously interpreted as emerald green, the presence of
Zn as zinc white, mineral barite could be attributed to a later
period, being commonly used from the eighteenth century.

Artificial pigments—historical recipes
and retrospective syntheses

Principally, there are two ways to reveal the process of a cop-
per pigment’s artificial origin. The first one consists in the
replication of historical recipes, whose existence, however,
do not automatically imply their practical use with a signifi-
cant impact in the fine art. When replicating various recipes
for verdigris, copper greens and azures, numerous authors
(Scott 2002; De la Roja et al. 2007, Svarcova 201 1) encoun-
tered difficulties arising from missing or vague instructions
for the reaction conditions, concentrations of ingredients etc.
Purification and separation of the required pigment from the
by-products and unreacted ingredients is also very frequently
neglected.

The second “retrospective” approach interrelates the com-
position of the pigments found (either as component in paint
layers or even as excavated pigment residues) with relevant
starting raw materials available in the past and procedures
partially documented in the written sources. Such retrospec-
tive approach enables to overcome incompleteness in the
written instructions and reconstruct (or at least sketch) the
way how the pigments could have been produced.

Egyptian blue and green

Although Egyptian blue was used extensively, written
sources documenting its manufacture are sporadic. Vitru-
vius, in the first century BCE, provided the most detailed
information about its production (Riederer 1997, pp 27).
He described a thorough mixing of finely ground raw mate-
rials—sand, flowers of natron and copper sawdust. Subse-
quently, the conglomerate was formed into balls which were
(after drying) put in earthen jars and the jars into an oven
(Riederer 1997). There are no details about the time scale
or the furnace available. Riederer (1997) pointed out that
Vitruvius omitted to mention the source of calcium (e.g.
lime), the essential component of Egyptian blue. Evidently,
this sophisticated process required good technical ability and
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expertise which were passed on from generation to genera-
tion very accurately as evidenced by the constancy of the
chemical composition of Egyptian blue over 3000 years of
its use (Berke 2007).

The nature of Egyptian blue was established in the early
nineteenth century, followed by numerous attempts to syn-
thesise it, thus elucidating the basic technological concept:
the firing of ingredients introducing copper, silicon and cal-
cium at around 1000 °C, eventually lowered by addition of
alkali flux to 900 °C (Riederer 1997). The thorough analysis
of the remained pigment cakes excavated in various archaeo-
logical sites and numerous retrospective syntheses of Egyp-
tian blue and green provide a good base for deduction of
particular aspects of their manufacture and the provenance
of the raw materials (Pages-Camagna and Colinart 2003;
Pradell et al. 2006; Shortland 2006; Hatton et al. 2008).

Pagés-Camagna and Collinart (2003) reported substantial
differences in the composition of Egyptian blue and green
pigment cakes dated to the New Kingdom (1567-1085
BCE). While blue samples contained predominantly cuprori-
vaite (CaCuSi,0,,) accompanied by residual silica (quartz
and/or tridymite) and silica-rich glass phase, the green
samples were characteristic by the presence of parawollas-
tonite (CaSiO;) together with residual silica (quartz and/
or tridymite or cristobalite), both embedded in a silica-rich
glass phase. Furthermore, firing residues such as tenorite
(CuO) or cassiterite (SnO,), or, eventually, an unspecified
Ca—Si-Sn complex, were occasionally found in the samples
of both colours. These findings indicate oxidising conditions
(presence of CuO) and the use of bronze scraps (Sn residues)
in the production process, which was also evidenced by an
extensive set of experiments. They proved that equal propor-
tion of copper and calcium, small addition of flux (below
4%) and the firing temperature between 870 and 1080 °C
lead to the ideal Egyptian blue. An accurate Egyptian green
required less copper than calcium and more flux, while the
firing temperature should be kept between 950 and 1150 °C.
Similar proportions of copper and lime for blue and green
frits were also indicated by Hatton et al. (2008).

The actual firing temperature can be further distinguished
by the presence of various crystal forms of SiO,. If only
quartz is present, the pigment was fired between 870 and
950 °C. On the other hand, the presence of a high-temper-
ature phases such as tridymite or cristobalite indicates the
firing temperature of 950-1100 °C. It has to be taken into
account that cristobalite can occur only when the flux con-
centration is higher than 8%, therefore, it cannot be found in
Egyptian blue (Pagés-Camagna and Collinart 2003).

According to Pradell et al. (2006), the cuprorivaite can
crystallise and grow within a liquid or glass phase even with
an alkali content as low as 0.3% Na,O. Such a low alkali
content results in a low amount of glass phase in the final
product and less homogeneous mixture of components.
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However, the original amount of glass phase in the sam-
ples of ancient Egyptian blue frits cannot always be deter-
mined, because of its fast weathering. If the glass is largely
degraded and almost missing, its previous presence can be
indicated by the abundance and uniform microstructure of
cuprorivaite crystals in the pigment frit.

The composition of remnants of a glass phase can be used
to suggest the source of alkali flux. Hatton et al. (2008) used
the ratio of alkalis Na,O/K,O in the glass phase to differen-
tiate the pigments produced probably using natron (natural
evaporite originating mostly from the Wadi Natrun lakes)
or plant ashes (derived from salt tolerant coastal and desert
plants). Among the investigated samples, plant ashes pre-
dominated as indicated by the Na,O/K,0O ratio lower than
6, while natron was used as flux only occasionally: in some
(not all) green frits exhibiting the Na,O/K,O ratio between
12 and 27.

Furthermore, rounded quartz particles and impurities—
like Al,O5 (0.3-1.8%) and Fe,0; (0.3-1.3%)—suggest that
quartz sand was used rather than crushed pebbles. Lime
could be added either as separate component (e.g. crushed
limestone or shell) or it could be introduced as a component
of the sand: the analysis of sand available in Amarna showed
17% of CaO. The use of lime-rich sand could explain the
missing lime in the recipe handed down by Vitruvius. The
higher content of MgO (2-6%) in the frits from Zawiyet
Umm el-Rakham was tentatively explained by the use of
dolomitic limestone. It indicates a parallel existence of more
production centres of pigments in Egypt (Hatton et al. 2008).

The composition of metals also varied. The tin was
evidenced by Pagés-Camagna and Collinart (2003) and
also by Hatton et al. (2008) in Egyptian pigment samples,
which indicates the use of 10% tin bronze (according to the
observed SnO,/CuO ratios). However, it was not detected in
the samples excavated in Mesopotamia, where copper scraps
or copper ore were probably used instead of bronze for the
pigment production (Hatton et al., 2008). Ormanci (2020)
detected Zn instead of Sn in blue pigment cakes (attributed
to Urartian period) from different sites in the region east
of Lake Van, Turkey. Zn-enriched Egyptian blue was also
detected by Nicola et al. (2019) in the early mediaeval wall
paintings in Santa Maria foris portas Church in Castelseprio,
Italy, and by Vettori et al. (2019) in a contemporary church
in southwestern Turkey. It can indicate the use of brass as a
local specificity, coming probably from the Byzantine area
(Turkey). Moreover, since Zn was present together with
minor amounts of lead concentrated in the glassy matrix
embedding cuprorivaite grains, the authors speculated about
an alternative local technology, which could benefit from
the ability of Zn and Pb to act as secondary fluxes. Their
intentional use probably permitted to produce Egyptian blue
without natron flux in the seventh-ninth century CE, when a
general crisis in the supply of natron took place. Application

of lead isotope analysis brings another interesting insight
into the provenance of the metals. Shortland (2006), who
studied late Bronze Age Egyptian materials (metals, alloys,
glasses etc.), pointed out that the source of copper and cop-
per alloys was outside Egypt.

Verdigris

In contrast to Egyptian blue (and related pigments), there
are many historical recipes for preparation of verdigris and
other copper pigments (Scott 2002). The oldest recipes date
back to Pliny’s texts form the first century CE (Scott 2002,
Chapter 9, pp 279). Similar instructions were given in other
early recipes, such as the Latin manuscript known as Codex
Lucensis (eighth century CE), the miscellaneous collection
covering a period from the eighth to the twelfth century
known as Mappae Clavicula or the twelfth century treatise
of Theophilus’s De diversis artibus (Scott 2002; Orna et al.
1980).

The procedures of copper acetates’ production typi-
cally consisted in the reaction between metal copper (or its
alloy) and acetic acid contained in vinegar fumes. This was
achieved, for example by hanging copper plates above hot
vinegar in a sealed vessel, which should be stored in a warm
place for a certain amount of time. Subsequently, the cor-
rosion product should be scraped from the plates and used
directly as a pigment. Particular recipes differ especially in
the duration of the product formation. The recommended
time ranged from a few days up to 6 months. In addition,
different warm places were recorded: hot dung, vine peels,
oven, smoke or an ordinary sunny place. Other differences
involved the starting materials. Besides urine, which was
mentioned as an alternative to vinegar, some recipes advised
smearing salt, honey and/or soap onto the copper sheets. In
several recipes, copper plates were replaced by brass, or even
silver. Mediaeval silver could contain copper as an impurity;
pure silver otherwise cannot produce any green or blue cor-
rosion product.

Artificial mineral-type copper pigments

While the artificial origin of verdigris and the way of its
production is indisputable, the mediaeval production of
mineral-type copper pigments including chlorides, sul-
phates and carbonates has not been still fully clarified. In
wall paintings, these phases can form secondarily, resulting
from the degradation of other copper pigments (Table 2).
On the other hand, their occurrence in panel and easel paint-
ings, polychromed wooden sculptures or illuminated manu-
scripts clearly indicates their intentional use (Salvadé et al.
2002; Gilbert et al. 2003; Castro et al. 2008a; Svarcova et al.
2014). The limited natural sources of copper chlorides and
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sulphates propound they were also prepared artificially, as
suggested in numerous historical recipes.

Recipes for the “salt green”, i.e. copper chlorides, require
an addition of common salt (sodium chloride). The best
known recipe for Viride salsum was recorded by Theophilus
in the twelfth century. In his recipe, copper sheets smeared
with honey and sprinkled with common salt were placed
over hot vinegar in a sealed container and left for 4 weeks
in a dung. After that, corrosion products were scrubbed and
used as a pigment (Scott 2002). If honey contained reduc-
ing saccharides, it gave rise to red cuprite (Cu,0), turning
the resulting pigment brown (Svarcové 2011). Another,
and probably more suitable, recipe from Mappae Clavicula
entitled “Changing copper’”” recommends to sprinkle vinegar
over a mixture of copper fillings with ground salt (in the 4:6
weight ratio) and leave it all for 3 days to turn green (Scott
2002). Similar instructions were mentioned also in various
mediaeval Chinese treatises (Yong 2012).

Following the aforementioned recipe from Mappae Cla-
vicula (Scott 2002; Svarcova 201 1), basic copper chlorides
can be easily prepared. Alternatively, they can form together
with copper acetates according to the instructions given by
Theophilus (Naumova and Pisareva 1994; Scott 2002). In
both cases, they are the products of the reaction between
metal copper and sodium chloride, promoted by acetic acid.
Due to the variable morphology of resulting copper chlo-
rides, it is challenging to identify pigments made with this
type of process. However, some clues have been assumed.
Salvadé et al. (2002) deduced that the Theophilus’s recipe
could have been used to prepare green pigments found in
the Catalan Gothic altarpieces, as they identified basic cop-
per chlorides together with copper acetate by synchrotron
radiation XRPD. Campos-Suiiol et al. (2009) surmised the
artificial origin of atacamite, as they found associated par-
ticles of native copper in the paint layer, suggesting the use
of copper fillings for the pigment production. Hedeegard
et al. (2019) inferred that Sn-containing atacamite found in
some green paint layers on reliefs from the Palace of Apries,
Egypt, could be produced using bronze instead of copper.
Similar deductions were reported by Alejandre and Marquez
(2006), who found copper-zinc hydroxychlorides in green
layers covering stone ornaments in a Spanish church. As the
natural sources of such minerals are even rarer than those
of paratacamite (Braithwaite et al. 2004), the most probable
source of such pigment was the corrosion of brass sheets.
A modification of the process could take place as suggested
by Holakooei et al. (2018) who hypothesised that the occa-
sionally identified atacamite accompanied by minor copper
sulphide and calcium phosphate could originate from a cop-
per object corroded in marine environment.

Besides copper chlorides, a variety of pigments can be
prepared following the recipes, with addition of more com-
ponents. A recipe from Mappae Clavicula recommends
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putting lime with strong vinegar into a copper vessel to
produce a different azure, providing probably the so-called
lime blue, CaCu(OH),-H,0, which was successfully pre-
pared by Krekel and Polborn (2003). Later recipes (from
the twelfth century onward), often entitled “To make a good
green or azure”, use verdigris as one of the starting material
(Orna et al. 1980; Scott 2002). Other typical raw materials
included salt ammoniac, vinegar and/or oil of tartar (satu-
rated solution of K,COs;). Other ingredients, such as lime
(Ca0), potassium alum (KAI(SO,),), “gesso” (gypsum,
CaS0,-2H,0), marble (formed mainly by calcite, CaCO5)
or “cerussa” (lead white) can also appear. The preparation
of the pigment usually consisted in mixing and grinding
all ingredients together until a soft paste or powder was
obtained. After that, it was advised to place it in a tightly
closed vessel, which should be placed in some warm place
(oven, dung, etc.) for a variable period of time. After some
time, the blue or green products were formed. Such recipes
are contained, e.g. in a Paduan manuscript MS 1243 (Italy,
fifteenth C), Manuscript of Bologna (Italy, fifteenth C), a
Paduan manuscript Riccite per far ogni sorte di colori, MS
992 (Italy, seventeenth C) (Scott 2002; Orna et al. 1980).
Such procedures could provide variable mixtures con-
sisting of different copper chlorides, sulphates and/or mala-
chite (Naumova et al. 1990; Lepot et al. 2006; Svarcova et al.
2009, 2012). However, as already mentioned above, their
replications did not lead to satisfactory results. Focusing on
the composition of pigments found in paint layers, it is pos-
sible to find recipes’ ingredients which could have served
as reasonable reactants. Among these materials, we can
include (i) copper sulphate (blue vitriol) as a source of sul-
phur and/or copper, (ii) copper acetate (verdigris) as a source
of copper, (iii) sodium chloride (salt) and (iv) ammonium
chloride (sal ammoniac) as a source of chlorine, (v) sodium
carbonate (soda) and (vi) potassium carbonate (potash, oil
of tartar) either as a source of carbonate anion or as a base-
forming agent. Naumova et al. (1990) demonstrated that the
addition of sodium bicarbonate to copper sulphate solution
leads to co-precipitation of posnjakite and malachite, which
corresponds to similar pigment identified in early sixteenth
century Russian wall paintings and in fifteenth century
iconostasis. Svarcov4 et al. (2009, 2011, 2012) altered the
reaction conditions by addition of sodium chloride solution,
which resulted in various pure or co-precipitated products
including posnjakite, brochantite, malachite, atacamite and/
or paratacamite. In principle, copper sulphates formed as
a first phase, with increasing amount of soda malachite
formed. Finally, when the amount of added sodium chloride
considerably exceeded stoichiometry, atacamite occurred.
The precipitated grains had similar morphology (Fig. 5) as
pigments found in paint layers from the sixteenth century
wall painting in Pfepefe, Czech Republic: malachite with
distinct spherulitic shape, irregular or stick-like atacamite
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Fig.5 SEM images of products
prepared by precipitation—
posnjakite (a), mixture of
posnjakite-malachite (b), mala-
chite (c¢), mixture of posnjakite-
brochantite (d), mixture of
brochantite-malachite (e) and
mixture of malachite-atacamite
(f). Adopted from Svarcova

et al. (2012)
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and paratacamite grains and star-shaped conglomerates of
posnjakite and brochantite. An interesting feature, connect-
ing various artworks, is the presence of Cu—S-Cl grains.
Such grains, typically formed during co-precipitation of
basic copper chlorides and sulphates, were found in samples
from the wall paintings in Franciscan monastery in Kada,
Czech Republic (Svarcova et al. 2012) or in polychromed
sculptures (§varcové 2011). However, the association of the
phases (Cu carbonates, sulphates and/or chlorides) does not
univocally prove their artificial origin. Bersani et al. (2003)
explained the presence of brochantite in a Parmigianino’s
wall painting as a natural impurity of the employed mala-
chite. Finally, Pérez-Alonso et al. (2006) concluded that cop-
per sulphates found on a Basque wall painting originated
from the degradation of malachite.

The explanation of origin of spherulitic malachite
requires a special attention. Malachite with distinctive
spherulitic grains can be easily prepared by precipitation.

¥
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The product is characterised by an almost uniform parti-
cle size; in the laboratory tests, the grain size was around
10 pm (évarcové et al. 2012). However, similar formation
of malachite, but under natural conditions, was reported
by Heydenreich et al. (2005), who described the natural
precipitation of the so-called mountain green (Bergriin)
in flowing water from copper mine or on tailings in Cu
deposits around Banska Bystrica (Neusohl), Slovakia.
The copper ores in this area are predominantly formed
by sulphides (tetrahedrite and chalcopyrite). In the pres-
ence of water, oxygen and certain bacteria, the sulphides
can rapidly oxidise, giving rise to acidic and sulphate-rich
water. Subsequently, the copper is leached out into the
water. The acid mine drainage is buffered or neutralised
by dolomite and calcareous rocks (available in this region)
resulting in the precipitation of spherulitic malachite. The
pigment was collected once a year, which led to the pro-
duction of malachite with large particles and strong green
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Fig.6 Comparison of the
morphology of artificial (a, b)
and naturally precipitated (c,
d) spherulitic malachite found
in the Gothic wall painting
The Adoration of King, Sazava
Monastery, Czech Republic
and in a Gothic wall painting
decorating the gallery of the
castle in Lidzbark Warminski,
Poland, respectively. Polished
cross-sections of the samples
in normal reflected light (top);
details of the malachite grains
in backscattered electrons (bot-
tom). Adopted from Svarcova
(2011) and Hradil et al. (2012)
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colour. In Fig. 6, there is a comparison of naturally pre-
cipitated malachite found in paint layers of Gothic wall
painting decorating the cloister of the castle in Lidzbark
Warmirski, Poland (Hradil et al. 2012), and artificially
precipitated malachite found in one Gothic scene in Sazava
monastery, Czech Republic. The artificial origin of spheru-
litic malachite was supported by the occasional presence
of Cu-S-ClI and atacamite grains, which may represent
remnants of the precipitation reaction described above
(Svarcovi et al. 2009).

Besides the above mentioned pigments, a rare pigment,
cumengeite, Pb,,Cu,,Cl;,(OH),,, was found in a Thailand
wall painting (Prasartset 1990) and, later on, in a Bohemian
wall painting in Pfepete (Svarcova et al. 2009). In the lat-
ter case, the possible formation of cumengeite from cor-
rosion processes was excluded, as no source material of
lead was found, and thus, it is highly probable that the use
of cumengeite was intentional. The mineral cumengeite is
rather rare in nature; it occurs in oxidised zones of lead cop-
per sulphide deposits (Hawthorne and Goat 1986), but its
economic exploitation in such purity is hardly possible, thus
implying its artificial origin. In addition to the wall paintings
in Pfepere, the presence of cumengeite was suggested also
in the wall paintings in Kadan, Czech Republic (Svarcova
et al. 2012). However, in this case, cumengeite was present
as a minor phase besides the more abundant calumetite,
Cu(OH,Cl),-2H,0 (Fig. 7). The presence of Cu—S-Cl grains
suggested formation via precipitation. A possible partial for-
mation of cumengeite was reported also by Bidaud et al.
(2008). The precipitation of cumengeite might have been
a result of addition of “cerussa” (lead white) in the recipe,
another ingredient mentioned in the historical sources.
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Degradation of copper-based pigments
Salt attack and oxalic acid

The colour changes of paintings resulting from chemical or
structural transformations of the original pigments represent
an undesirable process. Regarding the wall paintings, chlo-
ride attack is highly presumable under rising or condensing
moisture: among the water-soluble salts migrating through
masonry and plaster, chlorides belong to the highly soluble
and the highly mobile ones and, moreover, their sources are
abundant: they are natural constituents of stones and ground-
water (Winkler 1994; Moussa et al. 2009), they are present
in sea spray in coastal areas (Winkler 1994), they can form
from chlorinated water (Dei et al. 1998), they spread from
de-icing agents (Winkler 1994) or even common salt that
could be added to lime whitewash to enhance the adhesion
(Gettens and Stout 1958).

In case of copper-based pigments in wall paintings, poly-
chromed stone or plasterwork artefacts, the changes of blue
azurite into green basic copper chlorides and/or malachite
represent the most reported degradation type (Gettens and
Stout 1958; Bordignon et al 2008; Kriznar et al. 2008; for
others see Table 2). The transitions of malachite to basic
copper sulphates or chlorides are recognised to a much lesser
extent, probably due to the not-so-pronounced colour change
(Vandenabeele et al., 2005; Pérez-Alonso et al. 2006). In cer-
tain cases, the identification of the corrosion process is not
straightforward, and is facilitated if remnants of the original
pigment are preserved and/or if the iconography suggests
the use of blue colour (e.g. Virgin Mary’s mantle or sky)
(Fig. 8). A detailed microscopic observation of paint layers
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Fig.7 Micro-diffraction pat-
terns of the samples from the
wall paintings of the Franciscan
Monastery in Kadan, Czech
Republic; identified phases: C
calcite (CaCO;), C* cumengeite
(Pb,,Cu,,Cl,,(OH) ), CI
calumetite (Cu(OH,Cl),-2H,0),
G gypsum (CaSO,-2H,0), L
lead—tin yellow I (Pb,SnO,), M
malachite (Cu,CO5;(OH),), P
posnjakite (Cu,SO4(OH)¢-H,0),
Q quartz (Si0,), W weddellite
(CaC,0,4¢H,0), W* cerussite
(PbCO3); micrographs denote
corresponding fragments;
ellipses and arrows mark the
analysed area and the incident
beam direction, respectively.
Adopted from Svarcova (2011)
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Fig.8 Photograph illustrating the colour change of Virgin Mary’s
drapery from blue to green under action of chlorides on the wall
painting in the church of Virgin Mary in Malancrav, Transylvania,
Romania (photo D. Hradil). Adopted from Svarcova et al. (2012)

complemented by determination of chemical elements can
advance the uncovering of gradual transition of the origi-
nal copper pigment into a new phase (Fig. 9), to recognise
pseudomorphosis after the original grains or to find persist-
ing natural impurities of azurite or malachite (Kriznar et al.
2008; Svarcova et al. 2009; Vagnini et al. 2018). Egyptian
blue can also be affected by the chloride-induced corrosion.

This process assumes that the Cu”" ions are firstly leached
from the Cu-rich glass phase and then they react with chlo-
rides originating either from the circulating solutions or
even from the glass itself. The resulting green atacamite/
paratacamite contributes to the change of tonality Schiegel
et al. (1989).

Formation of basic copper sulphates from corrosion of
another copper pigment is less frequent. Pérez-Alonso et al.
(2006) reported transition of malachite to posnjakite and ant-
lerite on a Basque wall painting. In a thermodynamic study,
the authors demonstrated that both sulphates can originate
from malachite and gypsum, present in the mortar, under
action of oxalic acid. Daniel et al. (2015) reported second-
ary formation of brochantite from azurite in the residual
polychrome layers on sculptures decorating the facade of
Bordeaux Cathedral, France. Gypsum deposits resulting
from atmospheric pollutants (SO, and dust) are the probable
source of sulphates and the reaction was again facilitated by
oxalic acid formed by lichens.

Laboratory experiments showed that the resistance
against salt attack (NaCl, CaSO,) decreases in the following
order: malachite > azurite > verdigris (Cu acetate) and that
the presence of oxalic acid (H,C,0,) significantly acceler-
ates the reaction between all the pigments and the salt solu-
tions (gvarcové et al. 2009, 2012). Another experimental
study examined the relative reactivity of copper pigments,
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Fig.9 Detail of the paint layer
from the Gothic wall painting
The Joseph’s Doubt, Sazava
Monastery, Czech Republic, in

reflected normal light and back-
scattered electrons (left) and
corresponding X-ray intensity
maps of Cu and Cl indicating
the transformation of azurite
into copper chloride. Adopted
from Svarcov4 et al. (2012)

gypsum and calcite exposed to oxalic acid solutions of dif-
ferent concentrations (Zoppi et al. 2010). It was shown that
verdigris and calcite form copper and calcium oxalates,
respectively, already under 0.005 mol-1~' H,C,0, solution
(corresponding to pH of ca 2.3), while malachite and gyp-
sum reacted under more concentrated solution (0.1 mol-17!,
pH 1.3).

Action of oxalic acid can be easily recognised by the for-
mation of calcium oxalates, weddellite (CaC,0,-2H,0) and
whewellite (CaC,0,-H,0) on the surface of stone artefacts
and/or wall paintings. Oxalic acid is either a metabolic prod-
uct of microorganisms (bacteria, lichens and fungi) living on
the artwork’s surface, or an oxidation product of degrading
organic binders and protective agents applied on the artwork
(such as egg, milk, glue, molasses, oils, gum Arabic) (Bor-
dignon et al. 2008; Hradil et al. 2013). Besides the frequently
detected calcium oxalates, a copper oxalate that structurally
corresponds to a mineral moolooite (CuC,0,-nH,0) was
also identified in some paint layers (Bordignon et al. 2008;
Castro et al. 2008b; Nevin et al. 2008; Campos-Suiiol et al.
2009; Lluveras et al. 2010b; Daniel et al. 2015). In certain
cases, copper oxalates were found as the only copper phase
and there was no evidence of the original pigments (Castro
et. al 2008b; Nevin et al. 2008).

Obviously, the deterioration of copper pigments induced
by salts and oxalic acid takes place especially in wall paint-
ings or sculptures exposed to moisture, which enables the
transport of salt solutions, the growth of microorganisms
and the reactions in the paint layers. A remarkable example
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of a synergic effect of all these factors is represented by
degradation of pre-Romanesque wall paintings in the St.
George church in Kostol'any pod Tribe¢om, Slovakia, where
the parts painted by copper pigments became completely
discoloured (Hradil et al. 2013) (Fig. 10).

Heat and alkalinity

Exposure of copper pigments to alkalis or heat results in
their darkening due to the formation of black tenorite (CuO).
Dei et al. (1998) described numerous changes that appeared
after conservation of wall paintings of San Antonio Abate
in the church of San Pietro at Quaracchi near Florence, Italy,
and which consisted in removing gypsum films and efflo-
rescence by saturated solutions of ammonium carbonate
and barite hydroxide. This procedure caused transforma-
tion of green paratacamite (formed previously as a corro-
sion product of azurite) into blue copper hydroxide, which
transformed both into paratacamite again (when the source
of chlorides was not removed) or into black CuO. Alkalin-
ity is an intrinsic property of the lime-based plaster, and
thus, the plaster itself represents a potential risk for copper
pigments. Mattei et al. (2008) examined the effect of alka-
linity in painting substrates, experimentally demonstrating
the different behaviour of azurite when applied using fresco
and secco techniques. Azurite applied a fresco (lime plas-
ter with pH 12) turned to tenorite during 24 h, while no
alteration was observed in the samples applied a secco (lime
plaster with pH 8). This problem was probably well-known
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Fig. 10 Correlation of Cu and CI concentrations based on SEM—-EDS measurements of micro-samples from originally blue and green parts (cur-
rently not distinguishable by eyes) of pre-Romanesque wall paintings in the St. George’s church in Kostolany pod Tribe¢om, Slovakia

to old Masters who applied copper pigments predominantly
a secco technique (Thompson 1956). However, additional
lime plaster layers covering the original paintings can also
be problematic, especially when kept moist before maturing.
Investigations of uncovered Gothic wall paintings in the St.
Maria-Magdalena church in Bor, West Bohemia, showed
that copper pigments darkened completely, although they
had been applied on a preparation layer containing gypsum
and kaolin. Model experiments proved that kaolinite serves
as a good barrier against OH™ anions; however, the moist
lime overlayer caused darkening of the tested copper pig-
ments (Svarcovd 2011, 2012).

Doménech et al. (2008) reported the conversion of blue
azurite to black tenorite on Palomino’s wall paintings in
the ceiling of the Sant Joan del Mercat church in Valencia,
Spain, as a consequence of fire engulfing the church in 1936.
The authors used tenorite content as an indicator of tempera-
ture that evolved during the fire in partial parts of the church
vault. To a lesser extent, partial blackening can be caused by
flame of candles as found, for example by Mugnaini et al.
(2006) or Damiani et al. (2014). And finally, heat generated,
e.g. by laser or another power source can cause blackening
as well. Mattei et al. (2008) studied laser-induced blacken-
ing of azurite during analysis by Raman spectrometry. They
experimentally determined that the critical grain size for
azurite-tenorite conversion was 25 pm and less under the
laser power of 3.2 mW.

Alteration of binders, varnishes and glazes

The darkening or the discolouration of paints containing
copper pigments is not always a result of pigment degrada-
tion, but can be related to alteration of organic materials
(Scott 2016; Coccato et al. 2017). Daniels et al. (2004) who
studied blackening and brownish-green discolouration of
paints containing Egyptian blue concluded that apparent col-
our changes were caused by surface dirt accumulation, dark-
ening of resin used in varnishes and/or by darkening of aged
gum Arabic used as a binder. Cardell et al. (2017) studied
ageing of paints consisting of azurite and rabbit glue tem-
pera. They found that the conformational structural changes
in binders are responsible for colour changes to green and
yellow hues and that these changes are more remarkable in
paints with fine-grade azurite, suggesting pigment-binder
interactions. Odlyha et al. (2000) investigated chemical
changes in model paints with azurite and egg tempera for
usage as chemical dosimeters. On the one hand, azurite
improved the photostabilisation of the tempera; on the other
hand, the pigment-binder interactions lowered the thermal
stability of the pigment. Finally, when exposed to NO,/SO,
pollutants, neo-formed nitrates/nitrites and sulphates were
detected on the surface of the paint. Darkening (most likely
browning or blackening) is frequently documented process
of degradation of Cu-containing glazes based on oils, resins,
and also proteins.
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Analytical methods: good practises

The chemical and structural diversity of colour-bearing
phases together with a variety of accompanying phases
forming copper-based greens and blues usually requires
employment of several complementing methods and, ide-
ally, combination of in situ analysis with a thorough labo-
ratory investigation of micro-samples (Brunetti et al. 2016;
Costantini et al. 2018).

Generally, the materials research can be divided into
two parts: screening and subsequent targeted analysis.
The key difference is that while the screening looks for
questions, the targeted analysis answers them. Screening
should therefore be fast and non-invasive. Conversely,
targeted analysis often needs to be invasive (e.g. requires
sampling) and detailed, because otherwise it will not
answer the question. The most common mistake of mate-
rials research of works of art is that screening is neglected
and questions are not asked correctly. As a result, a large
number of samples is taken and analysed, and instead of
targeted analysis, only very expensive and invasive screen-
ing is additionally performed.

Step 1: screening of Cu contents

Visual inspection of an artwork accompanied by common
methods of restorer’s research (e.g. IR reflectography,
X-ray radiography) are usually not sufficient for recogni-
tion of the presence/spatial distribution of Cu pigments,
partially due to their frequent degradation and loss of
original colour. In addition to the most typical green and
blue shades, Cu pigments can also be present in black (due
to blackening or thinning/transparency of the colour layer
and visibility of a black underpainting) or brown (due
to the degradation of glaze layers). In highly degraded
murals, Cu pigments may be residually present even in
completely discoloured parts of the painting (Hradil et al.
2013).

The best method for the detection of low Cu contents
in situ is X-ray fluorescence (XRF). When screening wall
paintings, hand-held XRF analysers are advantageous,
enabling to perform measurements even in hard-to-reach
places, on scaffolding, etc. The advantage of elemental
analysis using X-ray fluorescence is its high sensitivity to
heavy elements in light matrix. Therefore, concentration
of Cu in hundreds or even tens of ppm can be detected in
the plaster (Cihla et al. 2017). In addition, the presence
of copper is almost exclusively related to the use of Cu
pigments, as other sources of Cu (atmosphere, humidity)
can generally be ruled out. It may happen that some types
of sand used for the production of plaster may contain
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some natural admixtures of Cu-containing phases—in this
case, however, Cu will be homogeneously distributed in
the whole area of the wall painting, and not correlated with
individual scenes or parts of the painting. In most cases, of
course, the concentration of Cu originating from pigments
will be significantly higher.

The spatial distribution of Egyptian blue as well as Han
blue and purple can be alternatively mapped by recording
their visible-induced luminescence even if their traces—
undetectable by naked eye—remain (Verri 2009; Gasanova
et al. 2018; Asscher et al., 2019).

Step 2: interpretation of minor admixtures (if
possible)

Only in some cases, non-invasive XRF screening can
provide more detailed information on the nature of the
employed Cu pigments—e.g. distinguishing chemical com-
pounds or proving their natural origin. The main complicat-
ing factors are the following: (i) it may not be clear whether
the detected Cu comes from the original painting layer (for
more complicated stratigraphy of paint layers, portable XRF
is generally an insufficient method); (ii) the detected S and
Cl contents can also be associated with other elements, par-
ticularly calcium, and not exclusively with copper; and (iii) it
is necessary to take into account the limited detection range
when measuring in air (particularly for light elements) and
also lower spectral resolution leading to misinterpretation of
overlapping lines (e.g. Pb vs. S).

On the other hand, if the stratigraphy is simple, the layer
is homogeneous and the Cu pigment concentration is high,
the XRF technique is sensitive enough to detect even minor
impurities, such as As, Zn or Ba in azurite, which can
prove its natural origin (Hradil et al. 2008). However, it is
always necessary to exclude other possible sources (e.g. an
admixture of Ba or Zn white in the mixture), which can be
very difficult with only non-invasive tools. If the stratigra-
phy is simple and the artwork is also easily transportable,
the range of possible non-invasive analytical and imaging
methods expands significantly. Smieska et al. (2017) mapped
impurities in azurite found in an illuminated manuscript by
synchrotron-based high-energy X-ray fluorescence mapping
(SR-XRF) and diffraction mapping (SR-XPRD). However,
an access to synchrotron-based analytical techniques is only
possible on the basis of submitted and approved research
project.

Step 3: planning targeted analysis

The results of non-invasive screening will allow to decide
whether the artwork should be studied in more detail. From
the viewpoint of restoration/conservation, a detailed study is
always appropriate when degradation and colour changes are
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evident, and also whenever it is necessary to investigate the
painting technique or issues related to historic or regional
attribution. If sampling is not allowed, useful information
can be alternatively obtained by portable spectroscopic
methods (see step 5).

Step 4: microscopic observation and detailed
elemental analysis

Light microscopy (LM) is commonly used for basic exami-
nation of collected micro-samples and their cross-sections
in visible and UV light. Cu pigments are usually indicated
by blue and green shades and almost no luminescence in UV
light. Scanning electron microscope (SEM) in combination
with LM is used to describe the morphology and size of the
grains. As described in previous sections, these parameters
are often important in assessing the origin of the pigment.
Simultaneously with the morphological analysis, it is neces-
sary to perform detailed measurements of elemental compo-
sition, most often using an energy-dispersive spectrometer
integrated in scanning electron microscopes (SEM-EDS).
Compared to laboratory micro X-ray fluorescence (micro-
EDXRF), SEM-EDS exhibits better spatial resolution
allowing detailed investigation of individual grains: includ-
ing identification of natural impurities in mineral pigments
(particularly As, Zn, Sb or Ba) and spatial distribution map-
ping of elements (e.g. Cu, S, Cl) in selected areas, which
is particularly important for the description of degradation
processes. Other methods of elemental microanalysis are
much less frequent. Although the interest in laser-based
techniques—Ilike laser-induced breakdown spectroscopy
(LIBS) or laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS)—is systematically increasing in
archaeometry and cultural heritage research, they are still
used only rarely for differentiating pigments in paints or for
their provenance analysis. Syta et al. (2018) have tested the
LIBS/ICP-MS tandem instrument to analyse paint cross-
sections and perform an elemental mapping in order to dif-
ferentiate Egyptian blue and ultramarine pigments. Wagner
et al. (2019) compared the quantification of the main ele-
ments obtained by SEM-EDS and LA-ICP-MS methods for
selected pigments, including also emerald green. It should
also be mentioned that both LIBS and LA-ICP-MS are
micro-destructive. In addition, the elemental analysis can-
not be directly linked to morphological analysis.

Step 5: FTIR and Raman micro-spectroscopy

Both Fourier transform infrared (FTIR) and Raman spec-
troscopy (RS) belong to the traditional and widespread spec-
troscopic methods in the field of cultural heritage analysis
(e.g. Lauwers et al. 2014; Brunetti et al. 2016), which fur-
ther include fibre optic reflectance spectroscopy (FORS) and

other related methods (Gasanova et al. 2018; Asscher et al.,
2019). With high spatial resolution, FTIR micro-spectros-
copy (micro-FTIR) can directly distinguish the basic groups
of copper pigments in micro-samples: carbonates, acetates,
sulphates, chlorides (§Varc0vé et al. 2014), and also modern
As-containing (emerald and Scheele’s) greens (Herm 2020).
However, in case of complicated mixtures, numerous over-
laps of characteristic lines can represent a complicating fac-
tor. Since FTIR is the most suitable method of non-destruc-
tive microanalysis of organic binders, an interpretation of
the painting technique can be performed together with the
identification of Cu pigments. As already mentioned, Cu
pigments were applied asecco on wall paintings and they
were usually mixed with organic binder. However, due to
extensive degradation, the residues of the binder are often
below the detection limit of FTIR, which implies the use of
micro-destructive methods (e.g. chromatographic or mass-
spectroscopic techniques), or the painting technique has to
be interpreted just on the basis of indirect evidence (e.g.
the presence of oxalates). If possible, it is advantageous to
employ attenuated total reflection (ATR) FTIR measure-
ment, as it avoids deformations of spectra, which are oth-
erwise very common in contactless reflection mode (Prati
et al. 2016).

RS is a suitable method for direct identification of min-
eral types of copper pigments: the characteristic lines of
azurite, malachite, brochantite, Egyptian blue, chrysocolla
and others are well-documented. In addition, RS was used
to differentiate emerald and Scheele’s green (Herm 2020),
verdigris or even copper resinates (Conti et al. 2014). How-
ever, RS has certain limiting factors that have to be taken
into account. For example in the identification of green and
blue pigments, the choice of laser wavelength plays a key
role—significantly better results were achieved with an exci-
tation wavelength of 532 nm than with 785 nm (Marcaida
et al. 2018). Even with suitable excitation wavelength, the
analyses of actual paintings can often be hindered by fluo-
rescence, and (unlike XRPD, see step 6) RS does not permit
to perform quantitative analysis. This can be challenging
during interpretation, as the intensities of peaks are not pro-
portional to the concentration of individual compounds in
the mixture, they rather indicate how strongly each particular
pigment scatters the incoming radiation. Therefore, among
the strongly scattering pigments (typically simple oxides or
sulphides like hematite or cinnabar), pigments exhibiting
poor Raman scattering can be identified only with difficulties
(although they may predominate in the mixture) (KoSafova
et al. 2013). Nevertheless, especially the analysis of indi-
vidual grains in the paint layer—made possible by spatial
resolution of Raman microscopes—can provide interesting
and important results.

FTIR and RS can be performed also in situ, either with
hand-held instruments or small benchtop spectrometers
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equipped with fibre optics and a measuring probe. These
are advantageous especially when no sampling of the art-
work is permitted. However, one must take into account
that due to the low penetration of IR radiation, only upper
layers of paintings can be analysed by FTIR, which is usu-
ally problematic when varnish is applied on the artwork
(on easel paintings) or they were secondarily impregnated.
During analysis with portable Raman spectrometers, one
must very carefully set the laser power. Higher power can
increase the desired signal/noise ratio, nonetheless, espe-
cially in the dark and highly-absorbing parts of the paint,
the RS analysis may be microdestructive (Mattei et al.
2008), which is unacceptable especially when analysing
highly precious works of art.

Step 6: X-ray powder micro-diffraction (micro-XRPD)

XRPD is a key method in solving questions of the origin of
Cu pigments, the reconstruction of their possible produc-
tion procedure and also in the study of their degradation
processes. It is the only method of direct phase analy-
sis which can offer quantitative data even when studying
micro-samples. To perform the analysis in micro-diffrac-
tion mode (micro-XRPD), laboratory diffractometers have
to be equipped with monocapillary or polycapillary optics
collimating the primary X-ray beam to selected area of
the size varying from one to several hundred micrometres
(§Varcov2’1 et al. 2010). Compared to RS, XRPD has worse
spatial resolution and longer acquisition times (most typi-
cally in hours). However, if high spatial resolution is not
required, the amount of information obtained by XRPD
largely exceeds the one obtained by RS: it is possible to
directly obtain relatively robust information about all
major crystalline phases, their relative proportions, par-
ticle sizes and crystallinity (Fig. 7). Therefore, XRPD is
better suited for direct phase microanalysis of an unknown
sample than RS, and complementary use of FTIR and
XRPD may be more effective than a combination of FTIR
and RS (§varcové et al., 2014). Svarcova et al. (2009)
showed that micro-XRPD analysis of fragments of medi-
aeval murals can readily distinguish the original natural
pigments (such as azurite, malachite), artificial pigments
(such as cumengeite, posnjakite, spherulitic malachite)
and also the products of their degradation (such as ata-
camite, paratacamite). In addition, neo-formed secondary
phases on the surface of the paintings (such as oxalates)
usually provide intense diffraction lines, which facilitate
their identification by XRPD. In comparison with FTIR
and RS, the portable XRPD systems are not commonly
available for in situ analysis. An example of successfully
combined XRF and XRPD systems for in situ analysis of
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Egyptian wall paintings was reported by Page-Camagna
et al. (2010).

Step 7: advanced techniques

Recently appearing hybrid analysers, comprising Raman
spectroscopy, scanning electron microscopy and/or energy-
dispersive spectrometry, seem to be promising tools for the
investigation of multi-layered painting systems (Guerra and
Cardell 2015; Wille et al. 2018). These techniques allow
3D morphological studies together with elemental, molecu-
lar, structural and electronic analyses of a single complex
micro-sized sample. However, more analyses performed on
samples from real artworks are necessary to evaluate their
real benefits for conservation science.

In case of specific interest in structures, properties,
production pathways or degradation processes, it may be
required to use special analytical techniques. Such study
was performed, e.g. by Pagés-Camagna et al. (2006), who
employed synchrotron-based methods to analyse local
chemical environment of Cu®* in archaeological Egyptian
blue and modern Egyptian green by X-ray absorption near-
edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) in order to understand the colouring
mechanisms in both of these pigments.

Conclusions

The group of copper pigments is diverse, which is related
to the intense colouration of various Cu-containing com-
pounds. Their colour encompasses blue and green as well as
a number of transitional shades like turquoise. The pigments
were either manufactured, which commonly resulted into
complex products (e.g. Egyptian blue and green, Chinese
blue and purple) or copper salts or their diverse mixtures
(e.g. carbonates, sulphates and/or chlorides; variable copper
acetates), or were extracted from natural sources (e.g. azurite
and malachite).

The different chemical character of the copper pigments
is reflected by significant differences in their stability and
durability. While ancient artificially prepared pigments
(Egyptian blue, Han blue) are very stable silicates, later
more common carbonates (azurite), sulphates (brochantite)
or chlorides (atacamite) are often subject to corrosion due
to various external conditions. In murals, the most common
causes of degradation are dissolved salts migrating in pores
and the alkaline environment. There are well-documented
processes, such as transition of blue azurite to green mala-
chite or atacamite, and it may not always be entirely clear
which mineral phases were original and which were formed
secondarily.
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The analysis of Cu-compounds requires a multi-analytical
approach, including light microscopy, SEM—-EDS, XRPD
and/or vibrational spectroscopies. It is highly desirable to
combine in situ screening and following targeted laboratory
analysis of micro-samples. Such approach leads to correct
identification of even very unusual phases like cumengeite
or calumetite. It is probable that the list is not complete and
other interesting Cu phases will be discovered in the future.
In numerous cases, only a good knowledge of the context
helps to decide if the pigment is original or resulting from
degradation.

Copper pigments have been used throughout the history
of painting and they still present unexplored areas regard-
ing their nature, manufacturing processes or linking with
actual historical mining sources. The space is open for fur-
ther research.
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