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SUMMARY The root of the madder plant (Rubia spp.) has been used
for textile dyeing and pigment making for millennia and madder-
derived dyes and pigments were widely used in antiquity. Pigments
made from madder have been found on objects in the British
Museum, particularly those from Greek, Roman, Parthian and
Egyptian contexts, and the analyses of a number of these pigments,
focusing both on the organic components and the inorganic substrate
or support, are presented. Previous analyses of such pigments have
also been reviewed and what is striking about these pigments, in
addition to their state of preservation, is the strong ultraviolet-induced
luminescence that they typically show and the high proportion of
(pseudo)purpurin frequently reported. However no clear descriptions
of the preparation of madder-based pigments from these periods
have been found.

The principal colouring components in madder root are
the precursors or decomposition products of alizarin and
pseudopurpurin, which usually occur in roughly equal amounts in
the root of the cultivated variety of madder (Rubia tinctorum). The
high proportions of pseudopurpurin, or its decomposition product
purpurin, typically found when the colouring components in ancient
madder pigment samples are analysed, may indicate that R. tinctorum
was not being exploited and may suggest the use of wild madder (R.
peregrina) or another Rubia or Galium species that has an intrinsically
low alizarin content. Alternatively the high proportion of (pseudo)
purpurin typically found in early madder pigments may reflect
the method of pigment production. To explore this idea further a
series of pigments has been prepared based on methods hinted at in
documentary sources to investigate how the method of preparation
can influence the final composition of the pigment. The solubilities
of alizarin, purpurin and pseudopurpurin have been studied in two
of the common mixtures used to extract the roots: water and alum
solutions. It has been found that pseudopurpurin has a relatively high
solubility in 5% alum solution and an alum extraction can be used to
prepare a pigment high in pseudopurpurin by selective extraction.
Based on the experimental samples and solubility studies, it has been
demonstrated that it is possible to obtain pigments with a composition
similar to ancient pigments directly from the roots of R. tinctorum
using materials and technologies that would have been available in
the Classical world.

While the exact method of pigment production and the source
of the colourant cannot be confirmed, the analytical data presented
point to a long-lived and consistent pigment-making technology that
extends beyond a Hellenistic/Roman tradition and starts to shed new

light on the methods and technology of pigment production.

Introduction

The red colourants extracted from the roots of various
species of the genus Rubia have been used for textile dyeing
and pigment making for millennia. Such madder dyes and
pigments were widely employed in antiquity, and a seventh-
century BC neo-Babylonian tablet at the British Museum
(registration number: 1883,0121.141) is perhaps the earliest
written reference to the use of madder for dyeing textiles [1;
pp- 4, 113-114 and 119-120]. Dyeing with madder is thought
to have been introduced into Egypt as early as the Eighteenth
Dynasty (1550-1292 Bc), probably from the Levant [1; pp.
119-120 and 123, 2] and was known in Persia, Arabia and
Mesopotamia [3]. In Mesopotamia, madder was known by
its Akkadian name Aurratu in texts from the Larsa region of
¢.1900 Bc [1; pp. 119-120].
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Figure 1. The upper part of the painted cartonnage mummy case for
Taminis, daughter of Peteminis, showing the use of a characteristically
bright pale pink pigment. From Akhmim: first century BC to first
century AD. British Museum 1897,0112.1348 (EA29586)

Pigments made from madder have been found on objects
in the British Museum (BM) particularly those from Egyptian,
Parthian, Greek and Roman contexts, but no clear descriptions
of the preparation of madder-based pigments dating to these
periods have been located. Despite being based on organic
colourants, madder-based pigments from these contexts are
often still strongly coloured, having a characteristic bright pale
pink colour, Figure 1. What 1s particularly striking about these
pigments is the strong pink-orange coloured luminescence
typically seen under ultraviolet or visible radiation with a short
wavelength [4] and the molecular profile observed if the dye-
stuff composition is analysed, Figure 2. The pigments contain
high proportions of the colourants purpurin and/or pseudo-
purpurin, but little or no alizarin. The colour and properties
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of these very early madder pigments closely resemble more
recent pigments often described as rose madder pigments,
which were industrially produced from the nineteenth century
onwards through deliberate modification of the extraction
process using chemicals that would not have been available
in antiquity [5, 6]. Examples of these more recent pigments
include those produced from Kopp’s purpurin, Field’s rose
madder [7] and Winsor & Newton rose madder [8].

Various Rubia species have been used in different regions
of the world to produce dyes and pigments [1; pp. 107129,
3, 6, 10]. Rubia spp. are members of the Rubiaceae family
that includes other plants yielding useful and closely
related hydroxyanthraquinone dyestuffs. In Europe, the
Mediterranean and Near East, the most important sources
of madder dyes are two Rubia species, wild madder (R. peregrina
L.) and the cultivated form (R. tnctorum L.) — both of which
are native to the eastern Mediterranean, the Middle Fast and
North Africa — but also woodruffs (Asperula spp.) and bedstraws
(Galium spp.), including dyer’s woodruff (4. tnctoria 1..) and
lady’s bedstraw (G. verum L.). It should be noted that it has
recently been suggested that R. peregrina L. is not currently
indigenous to Egypt although how this relates to the situation
in antiquity is unclear [11].

Studies of extracts of the plant roots indicate compositional
differences between the various madder sources and have
identified potential characteristic marker components, but in
general the cultivated variety, R. tinctorum L., contains more
alizarin (or its precursors) than pseudopurpurin or purpurin (or
their precursors) when compared to R. peregrina L. and G. verum
L., from which alizarin is often absent or only present in low
quantities [1; pp. 112-113, 122-123 and 127, 3, 12-14]. Rubia
peregrina L. and G. verum L. often contain significant quantities
of rubiadin, which is not normally a major component in R.
tnctorum L. [15], but it has been questioned whether rubiadin
1s a useful species indicator [10].

It is often suggested that the (pseudo)purpurin-rich
madder dyes (for example purple hues in Coptic textiles [11,
16, 17]) and pigments associated with the Classical world
are evidence for the use of R. peregrina L. (or possibly Galium
spp.) [18-21]. However, other research has questioned this
conclusion and highlighted the influence of the cultivation
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Figure 2. High performance liquid chromatograms of the pink pigments used to colour moulded
decorative gypsum plaster architectural friezes from the Parthian House, Uruk, ¢.150 BC—AD 250 (top:
fragment 1856,0903.1164; bottom: fragment 1856,0903.1170). The pigments were extracted using
BF..MeOH, resulting in methylation of pseudopurpurin (for analytical details see [9]). The peak marked
with an ‘X’ corresponds to the formic acid present in the eluent
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Figure 3. Structures of the principal components present in madder

parameters, harvesting and storage conditions and the age
of the plants on the dyestuff composition in the root [5, 22,
23], as well as the significant modifications to the original
dyestuff composition that can be brought about in the result-
ing dye or pigment depending on the method of production
[3, 11, 24]. Some authors instead propose the use of the
terminology ‘madder A’ to describe dyes rich in alizarin and
‘madder P’ for those that contain mainly purpurin (or its
precursors) [16].

In the context of ongoing research at the BM into poly-
chrome decoration in the Classical world, it was of interest to
re-examine the assumption that R. peregrina L. was the species
used in the production of madder lake pigments and to explore
whether greater insight could be gained into pigment-making
technologies, trade and resource exploitation in antiquity from

detailed examination of surviving artefacts. In order to address
these questions, this study has involved three stages:

1. A review of the available contemporaneous descriptions
of the production and use of madder-based pigments in
antiquity (discussed in the background section below).

2. A review of the published data relating to the analysis of
madder-based pigments from antiquity, re-examination
of previous analyses undertaken of such material within
the BM and new analytical investigations of a number of
pigment and paint samples drawn from the BM’s collection
and madder roots from a range of sources.

3. Experimental studies to replicate possible pigment produc-
tion methods and to investigate the solubility of the various
colourant components in Rubia spp. to determine what the
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evidence from ancient pigment samples can reveal about
pigment production and resource exploitation.

Background

Composition of madder roots

The roots of Rubia spp. are rich in a variety of hydroxy-
anthraquinones, of which the most significant are shown in
Figure 3 [1; pp. 112-113, 122-123 and 127, 3, 10, 12, 13,
25, 26]. The aglycone forms of the main dye components
such as alizarin, purpurin and pseudopurpurin are sparingly
soluble in water and within the fresh root are often found as
water-soluble sugar derivatives or glycosides. An example is
ruberythric acid, in which alizarin is linked to a disaccha-
ride sugar, primeverose, and the relatively unstable glycoside
galiosin [27], a primeveroside of pseudopurpurin. The glyco-
sides are readily hydrolyzed to the corresponding aglycone
and other components can undergo modification, thus the
compounds detected depend on a variety of factors including
the degree of enzyme activity within the root and the extrac-
tion method (and analytical procedure) chosen [12]. Purpurin
is a decomposition product formed by decarboxylation (loss
of carbon dioxide) from pseudopurpurin (itself formed from
galiosin). As discussed below, because of this ready transforma-
tion and the variations induced by the extraction and analysis
procedure employed, the term (pseudo)purpurin has been used
in this contribution to indicate where the original form in
which these two components were present within a plant or
pigment sample is unclear.

A number of recent studies have described the colourant
composition in different Rubiwa spp. (collected, stored and
analysed under various conditions) and in dyes or pigments
derived from them [10, 12, 13]. Rubia tinctorum L. 1s typically
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Figure 4. HPLC chromatograms at 254 nm of water/methanol extracts
of: (top) dried R. tinctorum root from Cornelissen (of unknown
Middle Eastern origin); (middle) roots of Iranian R. tinctorum; and
(bottom) roots of R. peregrina from Dentelles de Montmirail, France.
Components: 1 — lucidin primeveroside; 2 — ruberythric acid; 3 —
pseudopurpurin; 4 — alizarin; 5 — purpurin; 6 — xanthopurpurin;
and 7 - nordamnacanthal. Under the analytical conditions used,
pseudopurpurin partially co-elutes with munjistin and lucidin but
detailed examination of the chromatograms at other wavelengths
suggests that the samples contain little munjistin or lucidin and that
the peak labelled ‘3’ is predominantly pseudopurpurin
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rich in ruberythric acid, lucidin primeveroside, alizarin and
purpurin (from galiosin) while R. peregrina L. is rich in galiosin
and lucidin primeveroside and also contains pseudopurpurin,
munjistin and variable amounts of purpurin and rubiadin.
Following hydrolysis using hydrochloric acid, Cuoco et al.
reported that their R. &nctorum L. root extract contained 47.7%
alizarin and 45.1% purpurin [13]. Derksen ¢ al. studied the
chemical and enzymatic hydrolysis of anthraquinone glyco-
sides and the effect of storage and soaking of madder roots
under various conditions [12]. The main anthraquinones
found in their freshly dried R. tnctorum L. root were lucidin pri-
meveroside, ruberythric acid, pseudopurpurin and munjistin.
When heated in an acidic solution, all the pseudopurpurin
converted to purpurin, the ruberythric acid to alizarin and
the munjistin to xanthopurpurin. Freshly dried madder root
was also shown to have sufficient enzyme activity to effect the
same transition in less than 24 hours if the madder was soaked
in water. At the same time, in the presence of air, lucidin was
converted to nordamnacanthal.

High performance liquid chromatographic (HPLC) analy-
sis of water/methanol extracts of the roots of a number
of samples of R. tinctorum and R. peregrina was undertaken
as part of this study and the chromatograms obtained for
a selection of these samples are shown in Figure 4 (see
the materials and methods section and the experimental
appendix for details). From these chromatograms, variations
in the glycoside to aglycone proportions can be seen. For
example, the Iranian madder sample was a younger and
fresher material than that from Cornelissen. The sample of
R. tinctorum root grown in Iran has a relatively low alizarin
content (compared to the pseudopurpurin content and the
Cornelissen madder) although hydrolysis of the ruberythric
acid within the root would significantly increase the proportion
in this case. The R. peregrina root contains very little alizarin or
ruberythric acid.

Alizarin, purpurin and pseudopurpurin differ in colour,
with alizarin being a more orange colour, and thus the
proportion of the different components influences the colour
of the resulting pigment. The ultraviolet-visible (UV-visible)
absorption spectra for these three aglycones in toluene solution
are shown in Figure 5. It should be noted that the glycosides
give closely similar spectra to those of the related aglycones.

The fluorescence behaviour of alizarin, purpurin and
pseudopurpurin in solution and as aluminium (Al**) complexes
has also recently been established and microspectrofluorimetry
used to characterize the lake pigments [28-31]. Purpurin-Al**
and pscudopurpurin-Al** complexes are reported to show
emission maxima at 551/595 nm and 542/583 nm respectively
[30]. Alizarin-Al** has an emission maximum at ¢.640 nm and
a fluorescence quantum yield nearly 50 times lower than the
equivalent purpurin complex [28]. A sample of Kopp’s pur-
purin lake prepared following a historic recipe, which should
be rich in (pseudo)purpurin with little or no alizarin content
[5], was reported to yield an emission maximum at 586 nm
(with a shoulder at 610 nm) [30]. The results are quite similar
to those obtained from the madder pigments from the “Treu
Head” (BM 1884,0617.1) where the luminescence emission
was centred at ¢.608 nm [4], and a Fayum portrait from the
Ny Carlsberg Glyptotek in Copenhagen, where the emission
maximum was reported at ¢.590 nm [32].



Historical recipes for making madder pigments

While dyeing with madder is well attested it is unfortunate
that no documentary evidence referring to the production of
madder-containing pigments survives from Classical times. For
polychrome decoration, madder extracts may have been used
directly or to prepare pigments. If used directly, it is possible
that the solution of colouring matter was allowed to evaporate
until highly concentrated and was then applied as a wash over
a suitable substrate [6, 33, 34]. To prepare a pigment, or for
use as a cosmetic [21, 35, 36], the colourant components (and
their precursors) within the madder root are extracted into
water or an aqueous solution and then adsorbed or complexed
with a white inorganic substrate to form an insoluble mate-
rial suitable for painting [5, 6, 37]. The substrate can either
be formed i situ so that the colourant components and the
substrate co-precipitate [38], or added as a powdered solid to
the extract. Examples of materials used in the latter process
include: calcium carbonate in the form of chalk, limestone or
shell; alum; gypsum; white clays or earths; and other materi-
als that were reportedly employed as white pigments such as
various volcanic minerals or creta anularia (mixed ground glass
and chalk) [6, 21, 35, 39]. It is also possible that a solid pigment
was created without the use of a substrate by allowing the
colourant solution to evaporate until solids precipitated that
could then be used as a pigment.

Pliny, writing in the first century Ap, cites the use of madder
as a dye and a medicine and although he does not mention
the use of madder in pigment making, he describes the manu-
facture of a desirable purple pigment ‘purpurissum’ using
shellfish-derived colourants by ‘dyeing’ a white earth substrate
(possibly chalk) with purple textiles [40; book 35 XXVI 44].
From Pliny’s description it is unclear whether the substrate is
dyed alongside the textiles in the same dyebath or whether the
dye 1s obtained from purple-dyed textiles [6, 21, 35]. Vitruvius
(¢.50 Bc—aD 50) describes a similar pigment made by saturat-
ing chalk with plant dyes (madder and hysginus) [41; book 7
XIV]. Diatomite (rock composed predominantly of silicaceous
microfossils of algae) has been identified as a white pigment
and a substrate for madder pigments in wall paintings and
pigment pots excavated at Pompeii [6, 21, 39, 42], serving
here as an example of the addition of a powdered substrate
to a colourant solution.

Alternatively, a lake substrate may be created m situ in
the colourant solution, for example by combining a solution
or suspension of an aluminium salt (usually potash alum —
KAI(SO,),.12H,0 — although related sulphates or aluminium
salts have also been used since antiquity [4]) with an alkaline
material such as potassium or calcium carbonate, natron
(sodium carbonate) or slaked lime [38]. Pliny describes the
creation of a yellow lake pigment using a recipe of this type
[40; book 33 XXVII 89] and this approach was certainly
used to create madder lake pigments in later periods. The
chemistry of the various aluminium oxides and hydroxides is
complex and the type of lake substrate thus formed is perhaps
best described as an amorphous hydrated alumina that may
contain varying amounts of other cations and anions [3]. If
calcium carbonate is added to the alum solution in the form
of powdered chalk or cuttlefish bone the resulting substrate
contains both calcium sulphate (in the form of gypsum) and
amorphous hydrated alumina; as discussed below, a number
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Figure 5. UV-visible absorption spectra of alizarin, purpurin and
pseudopurpurin in toluene
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Figure 6. FTIR spectroscopy reveals the formation of amorphous
hydrated alumina and hydrated calcium sulphate (principal peaks
at ¢.600 (broad) and 1117 cm™ respectively) on mixing an alum
solution with calcium carbonate in the form of cuttlefish bone (top
spectrum). The FTIR spectra for reference samples of gypsum
(hydrated calcium sulphate: middle) and cuttlefish bone (principally
calcium carbonate: bottom) are shown for comparison

of examples of archaeological pigments with substrates of
this type have been identified, Figure 6. Pigments could also
be produced using combinations of the methods described.

In preparing a workable paint from the resulting madder
lake pigment, a range of additional white materials may have
been added as extenders or to modify the colour.

Techniques for the characterization of

madder-based pigments

To investigate madder pigments, a number of analytical
techniques can be used to analyse the organic colourant
components and the substrate. Many different methods have
been employed over the years in such studies, making direct
comparison of the results difficult without at least some under-
standing of the possibilities and limitations of the various
analytical techniques used.
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Table 1. Examples of the analysis of madder pigments on British Museum objects from antiquity

Object description Analytical results and method (dyestuff then substrate)>  References
Terracotta figure of a boy seated on arock  Comments that “The pink colour is probably madder on white inert as (48]
(described in the publication as a seated shows the expected fluorescence under UV light” Higgins notes that
woman): Tanagra, Boeotia, Greece, third for polychrome decoration of Greek terracottas “The pink, before 330
century B¢ (1877,0515.3) BC, was a mixture of red ochre and chalk” but that “After 330 Bc, it was
regularly rose madder, a natural dye made from the root of ... Rubia
tinctorum. The colouring agent is mainly purpurin and it gives a brilliant
pink with a slightly purplish tinge”
Pink pigment from Hellenistic terracottas: ~ HPLC": the samples were very small but all contain pseudopurpurin, [49]
Canosa di Puglia, 270-200 BC some purpurin and an unknown component, but no alizarin.
(1846,0925.34, 1846,0925.26.a and 1846,0925.26.a also contains some flavokermesic acid
1859,0216.3):
Myrina, Turkey, 100 Bc (1885,0316.1)
Painted stucco fragments from Parthian HPLCe: rich in pseudopurpurin with no alizarin. [9]
house: Uruk, Iran, 150 Bc—AD 250 XRD: gypsum.
(1856,0903.1164 and 1856,0903.1170) FTIR: gypsum.
SEM-EDX: Ca, S, Si, Al, (Mg, Na, Fe, Cu).
It is noted that there may be contamination and not just paint in the
sample
Pink paint from painted stucco fragment Luminesces brightly under UV light. [9]
of foot: Uruk, Iran, 150 Bc—AD 250 HPLCe: madder with a high pseudopurpurin content (¢.90%
(1856,0903.1168: ME 120467) pseudopurpurin and purpurin). No alizarin or rubiadin detected (analysis
undertaken at the National Gallery, London).
FTIR: gypsum
Roman bowl containing pink paint used HPLCe: rich in pseudopurpurin with no alizarin or rubiadin. c90% (560, 51]
by a fresco painter: Hawara tomb, Fayum,  pseudopurpurin/purpurin content (analysis undertaken at the National
Egypt, first century Ap (1888,0920.27) Gallery, London).
Strong luminescence.
XRD: gypsum.
FTIR (4000-400 cm™"): gypsum and amorphous hydrated alumina.
The pigment was also examined by Russell who concluded that the
pigment contained “purpurine” (on the basis of absorption spectroscopy)
on a gypsum substrate
Mummy portraits: Fayum, Egypt, Roman The identification of madder was based mainly upon its frequent use, [60, 52]
period (EA63394 from er-Rubayat and distinctive colour and characteristic bright orange fluorescence under
EA74717 from Hawara) UV light.
EA63394: Flesh is gypsum (XRD) and also contains madder or ochre
while the pink/purple is gypsum (XRD) and also contains madder.
EAT74717: Purple is Egyptian blue (XRD) and also contains madder
Pink paint from fragments of painted HPLC®: 1903,0219.2-4 is rich in pseudopurpurin with some alizarin [63]
lass bowls: Fayum, Egypt, Roman period  and purpurin while 1903,0219.1 contains alizarin, purpurin and
1903,0219.1 and 1903,0219.2-4) pseudopurpurin.
XRF: Ca, Al, Pb (S?)
Pink pigment from mummy case and TLC¢: purpurin present (plate viewed under UV light). [64]
portrait of Artemidorus: Hawara, Egypt, XRF: Ca (did not look for Al).
Roman period, AD ¢.100-120 (EA 21810)  XRD: gypsum, possibly bassanite
The Treu Head’: Roman, second century aAb  HPLC*: pseudopurpurin and some purpurin, no alizarin. [4]
(1884,0617.1) SEM-EDX: homogeneous distribution of Al; small amounts of Si and Mg
with more heterogeneous distribution, low concentrations of Ca and S'in
the lake layer.
FTIR: gypsum also present.
The results suggest an Al salt was used in the colourant preparation and
the possible deliberate addition of a clay either to the dyestuff extract to
precipitate the colourant or to the resulting pigment or paint. Gypsum is
a further minor component that may have been added or formed during
lake preparation, a later addition to the pigment or represent an impurity
in the substrate
Notes

a. SEM-EDX = scanning electron microscopy with energy dispersive X-ray analysis; FTIR = Fourier transform infrared spectroscopy; XRD = X-ray
diffraction; XRF = X-ray fluorescence; TLC = thin layer chromatography; and HPLC = high performance liquid chromatography.
b. The colourants were extracted using the method described in the experimental appendix (preserving the glycosides and pseudopurpurin) although here

substituting dimethylsulphoxide for dimethylformamide.

c. The colourants were extracted using BF_,/MeOH (preserving the glycosides and pseudopurpurin) in the mild extraction method described in Verri et al. [4].
d. The colourants were extracted in a 2:1 mixture of methanol and 10% sulphuric acid with consequent hydrolysis of glycosides and loss of pseudopurpurin.

To 1investigate pigment substrates, elemental analysis
methods such as X-ray fluorescence (XRF) and scanning
electron microscopy with energy dispersive X-ray analysis
(SEM-EDX) are often employed. However, XRF analysis may
fail to detect elements of low atomic number such as aluminium
within a substrate. Microscopic examination of the pigment
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morphology can also be very informative in understanding
how pigments were produced [39]. Diffraction methods,
such as X-ray diffraction (XRD), are also frequently used to
analyse pigments including lake pigments, by characterizing
their crystalline components; however, pigment substrates
are often highly amorphous and unsuited to this approach.



Infrared spectroscopy — including Fourier transform infrared
(FTIR) spectroscopy and microscopy — is also widely used, but
here again the spectral range for different instruments must
be noted as oxide-based substrates may be missed unless low
wavenumber regions can be explored (below ¢.600 cm V).

When working with samples from archaeological contexts,
and particularly with paints that are often applied on stone or
clay substrates, it should be borne in mind that it can some-
times be very difficult to distinguish the pigment substrate
from contamination by other pigments or extenders in the
paint mixture, preparation layers, the underlying support or
the (archaeological) environment.

To investigate the organic colourants in lake pigments, a
number of colorimetric or spectroscopic methods (including
UV-visible absorption, fluorescence [28, 29] and Raman
spectroscopy [43]) have been used, although chromatographic
methods are preferred in order to undertake detailed analysis
of the individual colourant components, with HPLC currently
the most commonly employed. Direct mass spectrometric
methods have also been used [36].

Despite growing interest in the use of non-invasive n situ
analytical methods, the majority of the methods used to
analyse organic colourants at a molecular level require the
colourant components to be extracted into solution. To release
the colourant components from the pigment substrate (and
possibly a binding medium if working with paint samples),
a wide range of extraction methods has been used over the
years [44, 43]. The sample extraction procedure can have a
profound influence on exactly which colourant components
are detected, leading to modification or loss of sensitive
components [46]. The extraction procedure widely adopted
for the analysis of organic colourants is that developed by
Wouters, using aqueous hydrochloric acid (HCI) and methanol
[26]. The method is efficient and well tested but results in
the loss of acid-sensitive components, hydrolysis of glycosides
and decarboxylation reactions, for example the conversion
of pseudopurpurin to purpurin. So-called ‘soft” or multi-step
extraction methods, which preserve acid-sensitive or other
chemically labile components that may be highly informative
of the biological source of the colourant and/or pigment-
making or dyeing technologies, are being used increasingly.
The choice of the HPLC analytical parameters, particularly
the mobile phase, also influences component detection, with
readily ionizable molecules such as pseudopurpurin often
showing highly variable retention behaviour or being ‘lost’
entirely [10, 25, 46]. Comparison of the chromatographic
results obtained using different extraction and analysis
methods is consequently often challenging [17, 46].

Materials and methods

As outlined above, there is little contemporaneous evi-
dence of madder pigment manufacture and use in the
Classical period, nor about the types and sources of the
raw materials used. In the absence of documentary evi-
dence, this study instead focused on the information that
can be obtained from detailed examination of surviving
pigments and paints. Previous work involving one of the
authors (CH) has highlighted the importance of analysing
the substrate in addition to the colourant components in
order to understand pigment manufacturing technologies

[5], so this study has concentrated on both the substrate
and colourant composition. This evidence, combined with
an understanding of the materials and technologies that
were likely to have been available and experimental work
to understand the physical properties of the individual col-
ourant components, informed attempts to replicate pigment
production.

Analysis methods

A range of analytical methods was employed to investigate
the dye components in the various raw material, pigment and
paint samples and to characterize the substrates. Details of the
analytical techniques used in this study can be found in the
experimental appendix.

As noted above, alizarin, purpurin and pseudopurpurin
have distinctive UV-visible spectra so UV-visible spectroscopy
can give a qualitative indication of the proportions of the
different components (or their glycosides) within a sample
and thus provides a useful method to pre-screen samples
before the more involved HPLC analysis is undertaken. The
extraction method used for UV-visible spectroscopy was
based on that developed by Hill and Richter and was applied
to both madder root and pigment samples [47]. Samples
are soaked in 10% hydrochloric acid and toluene added,
forming an immiscible supernatant phase. As the colourant
components are released, the aglycones, which are more
soluble in toluene, pass directly into the supernatant layer.
The water-soluble sugars are hydrolysed in the acid solution,
with the resulting aglycones moving into the toluene phase
as soon as they form. While pseudopurpurin is normally
decarboxylated in acid solution, with this extraction procedure
the pseudopurpurin is ‘protected’ from the influence of the
acid as it rapidly moves into the toluene layer. Although some
decarboxylation of galiosin (the glycoside of pseudopurpurin)
may occur while it is in the acidic aqueous phase, significant
proportions of pseudopupurin were preserved in the samples
examined in this study. Possible explanations for this obser-
vation may include low initial concentrations of galiosin in
the samples, a faster rate for the hydrolysis compared to the
decarboxylation process, or that the presence of the sugar in
galiosin protects the carboxylic acid functional group from
decarboxylation.

HPLC-DAD (diode array detection) and UV-visible
spectroscopy are both useful methods to explore the (pseudo)
purpurin content of madder pigments but it should be noted
that the HPLC-DAD extraction method selected preserves the
glycoside content while Hill and Richter’s extraction method,
which was used for UV-visible spectroscopy, converts all glyco-
sides to their corresponding aglycones.

Materials

To explore the intrinsic variability of colourant components
in R. tinclorum, various samples of root grown in different
geographical regions were acquired and the colourant com-
ponents in water/methanol extracts analysed by HPLC-DAD
as described in the experimental appendix. These samples
included madder grown in the UK by one of the authors (VD),
dried R. tinctorum root of unknown Middle Eastern origin
purchased from L. Cornelissen and Son, roots of Iranian R.
tnctorum from Kouras Samanian and dried Turkish madder
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root from Kremer Pigmente. Samples of R. peregrina root were
obtained from the Botanic Gardens in Brussels and from
Dentelles de Montmirail, France for comparison.

Alizarin was obtained from Hopkin and Williams and
purpurin from Sigma-Aldrich. Pseudopurpurin is not avail-
able commercially and while it may be synthesized [27] or
isolated from R. tinctorum by one of the methods described by
Derksen et al. [23], in this study it was isolated from Winsor
& Newton’s rose madder pigment as this is a readily available
material that is much richer in pseudopurpurin than madder
root. The extraction method was based on a scaled-up version
of the analytical technique developed by Hill and Richter [47].

Details of the archaeological pigment and paint samples
analysed during the course of this study, or which have previ-
ously been characterized at the British Museum, are noted in
Table 1 along with the analytical methods employed.

The experimental lake pigments were prepared using a
recipe based on a standardized version of an early nineteenth-
century recipe [53], which was developed within the EU
FP7 CHARISMA (Cultural Heritage Advanced Research
Infrastructures: Synergy for a Multidisciplinary Approach to
Conservation/ Restoration) project [56] for use in experimen-
tal work and for a workshop on the preparation of historical
lake pigments organized at the Doerner Institut in 2011 [57].
The ‘standard pigment’ sample was prepared by first soaking
10 g ground madder root overnight in a beaker with 300 mL
water. After soaking, the solution was then heated to 70°C for
30 minutes to extract the dye. The residual root material was
then removed and the solution filtered while still hot. Potash
alum (5 g) was then added to the solution which was reheated
to 70-80°C. Meanwhile a solution of 1.88 g of K,CO, in
50 mL water was prepared. The dyestuff extract was added
gradually to the alkaline solution with constant stirring. The
mixture was allowed to settle overnight before the pigment was
collected by filtration, washed and dried. Other experimental
samples were prepared by modifying this ‘standard’ recipe.

Solubility studies and the influence of the

pigment recipe

To create a madder lake pigment, colourant components must
first be extracted from the root and then deposited onto or co-
precipitated with a suitable insoluble substrate. For the result-
ing pigment to be rich in (pseudo)purpurin, either the solution
from which the pigment is created must be rich in pseudo-
purpurin or there must be differential uptake of the various
anthraquinones from the solution by the substrate. The use
of a Rubia species intrinsically rich in pseudopurpurin or its
precursors (for example R. peregrina or Galum spp.) would
produce a pigment rich in (pseuodo)purpurin. It was, however,
also of interest to explore whether, by exploiting the different
solubilities and affinities of the various anthraquinones found
in cultivated madder, R. #nctorum L., a method of pigment
preparation using materials that would have been available
in antiquity could be found that would result in a pigment
deliberately enriched in (pseudo)purpurin. Hofenk de Graaff
outlines some of the key parameters in a series of experiments
undertaken to understand better the production of red lake
pigments in a group of fifteenth-century paintings from the
Cologne School [3]. She notes that if the temperature in a
madder dyebath is kept low, then alizarin will dye but purpurin
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will not, and that the residual dyebath would thus be enriched
in purpurin and could be used to create a (pseudo)purpurin-
rich pigment. Derksen and van Beek outline how the different
distribution and number of carbonyl and hydroxyl groups on
hydroxyanthraquinones alter their affinity for mordants [25],
while experimental studies that compare the colourant profile
in dyebaths and the resulting dyed textiles also indicate dif-
ferential uptake of components [58]. Hofenk de Graaft also
notes that purpurin is more soluble in cold water than aliza-
rin (which is only solubilized in hot water) and so cold water
extraction of madder roots should yield a purpurin-enriched
extract [3]. This difference in solubility forms the basis of the
Leitenberger process to separately isolate alizarin and ‘pur-
purine’ from madder [59]; it should be noted that the term
‘purpurine’ used by Leitenberger may have included pseudo-
purpurin as the latter was then unknown. Alizarin is also less
soluble than purpurin in alum solutions [3, 60; pp. 164 and
175-176]. These parameters might be exploited to alter the
ratio of colourant components in a pigment compared with
that of the aqueous extract.

A series of experiments, all undertaken using the same
sample of R. tinctorum L. root (dried roots of unknown Middle
Eastern origin obtained from Cornelissen and Son, London),
was undertaken to explore these parameters and thus the
influence of the recipe.

Solubility of madder aglycones

To understand better the processes occurring during dyeing
and pigment manufacture, solubility data for the madder
aglycones are needed. As very little such data exist [27], the
solubilities were determined experimentally in this study. The
frequent detection of aluminium in madder pigments from
antiquity suggested that the solubility of the various madder
aglycones in alum solution was also of interest. In solution
the absorbance of solutes is (for ideal solutions) proportional
to their concentration. The relationship is described by the
Beer-Lambert law:

A=cecl

where A is the absorbance (optical density) of the solution, &
the extinction coefficient of the colourant, ¢ the molar concen-
tration of the colourant and 1 the pathlength in centimetres.

Although the amount of a given compound in solution
can be directly related to its absorbance, it is more difficult
to compare the proportions of different solutes unless their
extinction coeflicients are known. This must be borne in mind
if attempts are made to compare the areas of HPLC peaks
corresponding to different components: if a particular peak is
double the size of another this does not necessarily mean that
this 1s also the ratio of the concentrations of the two compo-
nents in solution. The same problem arises with UV-visible
spectra and the visual assessment of solution strength based on
depth of colour. Where the extinction coefficients are known,
it is possible to determine the exact concentration of the solute
present in a given solution.

In this study, the absorbance maxima of the aglycones
alizarin, purpurin and pseudopurpurin were compared and
solutions of similar absorbance have been assumed to be of
approximately equal concentration. Although the extinction



Table 2. Maximum UV-visible absorbance (in the range
190-1100 nm) at room temperature for saturated
solutions of madder aglycones in water or a 5% alum
solution

Maximum

Madder aglycone Solvent absorbance
Alizarin Water o.n

5% alum solution 0.12
Purpurin Water 0.13

5% alum solution 0.31
Pseudopurpurin Water 0.13

5% alum solution 2.20

coefficients for the aglycones in water and alum solutions are
unknown (and initial attempts to determine these experimen-
tally failed), this assumption is supported by the similarities
in the absorbance maxima and extinction coefficients of the
aglycones in either methanol or ethanol quoted by Thomson
[61]." Experimental work undertaken during this study also
suggests that the extinction coefficients in alum solution are
similar to those in water and, perhaps somewhat surprisingly,
are not influenced by any complex formation.

Relative solubilities were determined by placing an excess
of the molecule of interest in water or in a 5% aqueous
solution of alum. The mixture was shaken well and left to
solubilize for at least seven days at the temperature of interest.
The clear saturated supernatant solution was then carefully
transferred into a quartz cuvette and the UV-visible spectrum
recorded as described in the experimental appendix.

The maximum absorbances recorded at room temperature
for alizarin, purpurin and pseudopurpurin in water and 5%
alum solution are given in Table 2. Assuming that the agly-
cones have similar extinction coefficients, these results suggest
that pseudopurpurin and purpurin are only marginally more
soluble in water at room temperature than alizarin, but the
maximum absorbance of the pseudopurpurin in alum is nearly
20 times as high as that for alizarin, and the absorbance of
purpurin in the same solvent is about three times as high
as alizarin.

These results suggest that pseudopurpurin is significantly
more soluble at ambient temperatures in 5% alum solution
than either purpurin or alizarin and thus that extraction of
madder root with such a solution might be used to obtain
an extract enriched in pseudopurpurin that could be used to
create a pigment with a high pseudopurpurin content. Figure
7 shows saturated solutions of pseudopurpurin in water and in
5% alum solution alongside a 5% alum solution obtained from
powdered R. tinctorum root. The madder had previously been
soaked in cold water, reducing the residual glycoside content
of the sample and allowing hydrolysis of glycosides, and then
dried. The 5% alum solutions of pseudopurpurin and of the
washed madder are visually alike and have similar UV-visible
spectra suggesting pseudopurpurin enrichment of the madder
extract 1s indeed possible. Some enzymatic decarboxylation
of the pseudopurpurin during soaking and the experiments
cannot be excluded.

Experimental pigments from R. tinctorum
Based on the solubility data, which suggested that the extrac-
tion of colourants from R. tinctorum root using alum solutions

Figure 7. Saturated solutions of: pseudopurpurin in water (left);
pseudopurpurin in 5% alum solution (centre); and R. tinctorum root
(previously soaked in water and dried) in 5% alum solution (right)

Relative absorbance

25 215 30 325 35 375 40 425 min

Figure 8. HPLC chromatograms at 254 nm of madder pigments
prepared using R. tinctorum following the ‘standard’ recipe (top)
and a modified recipe as described in the text to produce a
pigment deliberately enriched in pseudopurpurin (bottom) following
dimethylformamide/oxalic acid extraction. Peak labelling as for
Figure 4
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resulted in enrichment of the pseudopurpurin content of the
extract, a series of experimental pigments was produced and
the proportions of the key aglycones — alizarin, purpurin and
pseudopurpurin — in the pigments assessed by UV-visible
spectroscopy and HPLC-DAD analysis as described in the
experimental appendix.

In these experiments, a lake pigment was produced by com-
bining potassium carbonate (K,CO,) with the various alum
extracts. The recipe used is similar to that described by Pliny
for the production of yellow lake pigments [36, 40; book 33
XXVII 89]. To assess the degree of enrichment, the results for
cach experimental pigment were compared to the colourant
composition in the root (based on a water/methanol extract,
Figure 4) and in the ‘standard pigment’ prepared as described
in the materials and methods section. HPLC-DAD analysis of
this ‘standard pigment’ (Figure 8, top) shows that the alizarin
content is approximately equal to, or slightly greater than, the
combined purpurin and pseudopurpurin content, based on
the assumptions noted above.
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Figure 9. UV-visible spectra (in toluene) of extracts of madder pigments prepared using R. tinctorum
following the ‘standard’ recipe (left) and the modified recipe described in the text to produce a pigment
deliberately enriched in pseudopurpurin (right) following extraction using the Hill and Richter method
described in the text (resulting in sample hydrolysis but no decarboxylation of the pseudopurpurin)

In the experiments undertaken in an attempt to produce a
pigment deliberately enriched in pseudopurpurin, a series of
modifications was made to the ‘standard’ recipe. The prepara-
tion was divided into three steps: (1) soaking and washing in
water; (2) hydrolysis and extraction using an alum solution;
and (3) pigment preparation using K,CO,. The influence of
using or omitting the initial pre-wash or soaking step, and its
duration, was explored as well as the duration and temperature
of the alum extraction step. In all the experiments, a 5% alum
solution was used.

Of all the experiments conducted, the recipe that produced
a pigment with the highest pseudopurpurin and lowest alizarin
content was as follows. Powdered R. tinctorum root (5 g) was
soaked in water (just sufficient to cover the powder) for one
week in a stoppered vessel at ambient temperature. The
mixture was filtered and the brown filtrate discarded. The
damp powder was then added to 200400 mL of a 5% alum
solution and left for a week. The resulting luminescent orange
solution, rich in pseudopurpurin, was filtered before being
warmed to 60°C and slowly poured, with stirring, into an
equal volume of K,CO, solution (prepared with 1.88 g of
K,CO, for every 100 mL of alum solution). The mixture was
allowed to stand for a week and the resulting pink pigment was
collected by filtration using a Buchner funnel, washed with
water and air dried. The method reproducibly yielded pig-
ments with a high pseudopurpurin content and the pigment
produced was visually identical in appearance to a Winsor &
Newton rose madder pigment that had been shown to contain
high levels of pseudopurpurin. The HPLC-DAD analysis of
a pigment produced using this recipe is shown in Figure 8
(bottom).

Throughout this experimental work, UV-visible spectro-
scopy of extracts prepared using the method described by Hill
and Richter proved a useful screening method and indicator
of the pseudopurpurin content of pigments prepared. The
UV-visible spectra for the ‘standard’ and the high pseudo-
purpurin pigments described above are presented in Figure 9.
For the high pseudopurpurin pigment, the spectrum showed
the absence of detectable alizarin (absorption maximum at
423 nm). The two main peaks for the pseudopurpurin (493
and 460 nm) in the sample in Figure 9 differ in intensity from
those in a pure pseudopurpurin solution (Figure 5), suggesting
a contribution to the spectrum from an additional component.
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The purpurin (absorption maximum 479 nm) shown to be
present by HPLC analysis (Figure 8) would account for the
intensity difference noted in the UV-visible spectrum.

Differential uptake of colourant components

from solution

In the experiments described above, a lake pigment was
produced by adding K,CO, to the various alum extracts.
In principle, the alum extracts could also be used to ‘dye’
solid white substrates as described by Vitruvius and Pliny and
should still result in a pseudopurpurin-enriched pigment. As
the evidence from work on textile dyeing suggests that dif-
ferential uptake of the colourant components may further
alter the colourant proportions in the resulting pigment, it
was of interest to explore whether the choice of solid white
substrate added to an aqueous extract of madder could alter
the colourant composition in the resulting pigment. A prelimi-
nary sct of experiments has been undertaken in which 10 g
powdered madder root was heated with 300 mL water at 60°C
for 30 minutes before a selection of possible white substrates
(including gypsum, china clay, marble dust, chalk and calcium
hydroxide) was added and left in the extract solution for a week
at ambient temperature or at 70°C before being collected by
filtration. In general the uptake of colour from the solution was
quite low, with the extract remaining quite strongly coloured
compared to the solution remaining after pigment formation
using alum and K,CO,. Further pigment preparations and
analytical work to explore the colourant composition of the
resulting pigments are planned in order to explore more fully
the influence of the substrate.

The relevance of experimental studies of madder
pigments to madder compositions found in
archaeological objects

There is little documentary evidence relating to the production
of madder pigments in antiquity, but preparation seems to
have been based on the extraction of colourant directly from
the root. This contrasts with subsequent practice (certainly
from the later fourteenth to the seventeenth century) where the
most common source of colourant seems to have been dyed
textiles. The method from antiquity 1s thus somewhat closer
to the methods used in the late eighteenth and nineteenth
centuries to prepare madder lakes [5, 24, 57].



Although direct inter-comparison of the results is not
always straightforward, a review of previous analyses of early
madder pigments from a relatively broad geographical and
chronological span (Tables 1 and 3) suggests that many of
these madder pigments closely resemble each other: the pig-
ments are frequently a characteristic bright pale pink colour,
relatively well preserved, highly luminescent and, where the
organic components have been analysed, are rich in (pseudo)
purpurin and contain little or no alizarin. As noted by Russell
[62], Farnsworth [63] and others, the pigments are quite
similar, therefore, to nineteenth- and twentieth-century rose
madder pigments.

In Greek terracottas, Higgins suggests that ‘rose madder’
starts to be used from 330 Bc [48]. In an Egyptian context, the
increasing use of madder-based pigments seems to be linked
to changes in the palette from the Ptolemaic period, possibly
reflecting Hellenistic and Roman influences or increased
exchange with central and eastern Asia at this period [34, 71].

Where the substrate has been characterized the reported
results are more variable, but this in part may reflect the
choice of analytical method(s) used and the complications
of analysing the pigment substrate in the presence of other
‘contamination’ as discussed in the section on techniques
for the characterization of madder-based pigments. Laurie
suggests that “the lakes described by Pliny are dyed upon an
opaque base like gypsum and therefore differ from our modern
lakes, precipitated with alum, the receipts for which belong to
the fourteenth century” [75].

Farnsworth suggests that Laurie assumed that “the ancients
always used a gypsum base” (based on a study of Egyptian
pigments) but that her work on earlier samples of pigments
from Corinth shows that the Greeks were preparing pigments
with an alumina substrate [63]. Linen dyed with madder and
an alum mordant from Deir al-Bahri (Twenty-first Dynasty,
¢.1050 Bc) offers clear evidence of the carly availability of
alum [1; p. 119]. Tables 1 and 3 provide a number of examples
of the association of gypsum with madder pigments, but re-
examination of the substrate of the madder pigment from
Hawara has shown that the substrate is not gypsum alone
(as suggested by Russell [62]) but also contains amorphous
aluminium-based material. As shown in Figure 6, the use
of calcium carbonate as an alkaline ingredient in pigment
making may explain the presence of gypsum within the
pigment substrate, although the admixture of gypsum and
bassanite in some samples has also been interpreted as sug-
gesting the addition of gypsum as an extender [32]. In many
of the samples presented in Tables 1 and 3 aluminium has
been found quite homogenously distributed throughout the
samples, perhaps pointing to the use of solutions containing
aluminium salts during the madder pigment production [38].
Detailed examination of pigment substrates often reveals the
admixture of the aluminium-based substrate with more crys-
talline materials. Tables 1 and 3 present examples where the
use of arange of clays, earths and other materials is suggested,
these having been employed as ingredients in pigment produc-
tion (for example as an alkaline material to cause substrate
precipitation), solid substrates or extenders. The variability in
substrate might argue against a single recipe or simply reflect
available resources, but the frequent detection of aluminium
may suggest that the pigments were often prepared by starting

with an extraction using an alum (or aluminium-containing)
solution. This study has again highlighted the importance of
using a range of analytical techniques to characterize lake
pigments fully. It has also demonstrated the value of the Hill
and Richter extraction method combined with UV-visible
absorption spectroscopy as a rapid and simple method to
establish the approximate relative proportions of different
aglycones in madder pigments.

The experimental pigment production undertaken during
this study suggests that through selective extraction, a (pseudo)
purpurin-rich pigment can be produced from R. tinctorum using
materials that would have been available in antiquity. The
experiments allow a number of key factors to be identified
that promote the production of such pigments. Pre-soaking
of the madder root in water was shown to be important. This
step may assist the dissolution of the soluble alizarin precursor,
ruberythric acid, and the more complete hydrolysis of the
glycosides in the root to their respective water-insoluble agly-
cones [12] or it may help to wash out alizarin glycosides and
thus reduce the amount of alizarin (or its precursors) in the root
then used to make the pigment. The results shown in Figure 4
suggest that if the madder roots employed are relatively young
and fresh, and therefore rich in glycosides, the rinsing away
of alizarin precursors could significantly reduce the alizarin
content in the resulting pigment. The pre-soaking also seems
to help rid the madder root of soluble brown materials that
are known otherwise to discolour any pigment produced. The
solubilities of most organic compounds increase with tem-
perature. The published solubility data for the various madder
aglycones in water and alum solution at different temperatures
are somewhat ambiguous but suggest that purpurin and
pseudopurpurin are more soluble than alizarin, particularly
at lower temperatures [3, 76, 77]. Keeping the temperature
low throughout the pigment preparation was important, as
experiments using higher temperature for the alum extraction
step resulted in a greater solubilization of alizarin.

While there is evidence of cultivation of R. tinctorum around
Ravenna and Caria in the Roman period [3, 78; book III
160] and in Syria and Anatolia in the Mesopotamian period
[79; p. 305], the use of other Rubia or Galium species cannot
be excluded. In the context of dyeing, the seventh-century Bc
neo-Babylonian tablet mentioned earlier contains two distinct
recipes for applying madder after an alum mordant but it is
also of interest to note that three types of madder are referred
to: hat-hunitu (used to imitate purple), huratu (normal madder)
and an imported madder referred to as mza-huritu [1; pp.
119-120]. This suggests that different dyeing techniques were
known and potentially specific resource selections were being
made. A comparison of textile dyeing technologies in Roman
and Coptic Egypt over roughly a 1000-year period reveals that
the madder colourant composition in purple-coloured dyes
differs from that in red, black or any other madder-containing
colours and indeed is different to the compositions typical
for textiles in Medieval Europe [11, 16]. The lower alizarin
content of the madder source used to produce purple sug-
gests that a different dyeing technology was being used for this
colour — possibly pointing to an alternative biological source
(or controlled cultivation of a particular source) or a different
dyeing procedure to enrich the (pseudo)purpurin content and
obtain a more purple colour.

Technological insights into madder pigment production in antiquity | 23



(9 ‘cll dpeg]

arespsgns wnsdAB e uo seppew jo pasodwod pue sbeuuoped e uo pasn juswbid uid e Buiguosep
aq 0} steadde ay [g9] Jaded |jessny [euiBuo ayp ul 1eremop " wnsdAB 1ero pajured ssppew se (Buljied 1o (Bunured |lem e 1o abeuuoped &
Ilem e uo Alqewnsaid) buiured quio} e ur unojod yuid, e aquasap pue [39] [|9Ssny Y [€] oIND pue @97  uo Ajgissod) Bunured quio} pouad uewoy /21SIUS||SH & Ul INojod Yuld
(av Ainyuad puodss ay
uuezije ou pue uundind paurejuoo syuswBid  Jo soyiunoy woly wuswBid Bunured |jem ueWOy B puB SSPOYY WO}

[61] Bunured jem uewoy ayj sjiym ‘uLrezife ou ing uisifunw pue uundind psurejuod juswBid onsius|leH 8yl L) 1dH  uswbid onsius|jeH €) 999315 woly spuswibid uewoy pue disius|eH

[0g] uLezie o aoel} e pue uundind ) TdH  MIUOESSDY] Ul SqWO} WOl) SauLnBly UBWOY /213SIUS|[9H UO juswbidg
(@¥X) euny

40 1aAe| & uo paljdde usaq pey Xuid Joppew 8y | "PalUSP! JOoU Sem ael}sgns ayj Ing (SIN-OD Ag @soon|b jo (986G FDN) WNasN|A aled av Ainjuad

[1L] speAs| ybiy Jo uonosiep pue soueleadde 21dodsoidiw UO paseq) Jeppew aq 0} paseadde jueinojod sjdind-3uid 1S} @Y} punode o} Buiyep eleme woly sjuswbely abeuuocie))
s}luesseq Jo JUnowe urepad e pue wnsdAB paurejuod Ajjeuonippe juswbid /o1essgns iy -
‘wnjuiwnfe Jo sfeAdl ybiy paurejuod ayessans :Xq3-IN3S
‘Buibuajeyo

sishjeue J]dH Spew WNIpaW J)}SNBIUS 8y 'P}os}ep Sem UIpelgn) O ‘[eyjuedeuwepiou pue (ulezie (G83C PUB $873) 9Bpuqwe) ‘Wnasniy wel|imz)i

[04] %9 pue uundind(opnasd) 0,9g80) uLezife s e Bulureluod pue uundind(opnasd) u you Jeppew . 1dH "av AInjusd puodss sy} wolj sprelpiod Awwnw wnkeq onsneou]
JOpUD]Xa UB Se pappe Sem ‘9}JUBSSEq SWoS
Buiureyuoo Ajgissod ‘winsdAB yeyy pue aressgns Bulurejuoo-y ue uo sem juawbid axe| sy} yey} papnjpuo)
ueppew (WU 0pGo ) suswaInsesw 9ousdSaIoN|) pUB (WU GG PUB GIG Je ewixel) uodiosqe siA-AN

Xuyew snoydiowre ur e pue dd/S ‘v pue sepiped auljeishio ur g pue e i4yX pue Xd3-W3S (091-07!

OjUBSSEq OV :789 NIF/ PUe 0G1-Ggl v 1189 NIF/) usbeyuado) MejoidAin

[z€l pue wnsdAB :Adooso.poeds uewey pue (,_wd 0OE-000. 0 sbuel [eoads Buinb ondo-siquy Buisn) |1 4 Biagse) AN 'sprespod Awwnuw olpsnesus wnAeq wolf jured suiq
jusuodwod ojuebiour urew sy

se (ayuljoey Ajgqeqoid) Aejo ajym sey ey} 93el}sgns e 0jUO PGIOSPE S19M JUBINOJ0D By} JO saxa|dwod-|y 8y | av Ainjus isui 'snsayd3 je 4| wool ‘g

[69] ) wniopoul} Y 4o asn sy} Buiisabbns ‘uundind pue uuezie ;,)1dH  @Shoy padells ul punoy Jef olwelad e Jo Wonpog ay} je juswbid Muld

(euiwn[e pateipAy) a1el1sqns Yo~y :Spoyiaw [edlwayd 1am pue olydeibonoedg (o8 Ainjued puodss punoie) susyly ‘eloby sy Wolj |Mmoq e apisul

‘(Joppeuw 8s01 wouy Jo (28 9¥| 0 03 Buiep pue yuuo) wouy doys Jo doysyiom

[€9] Jo a|dwies uiepow € JO ey} payorew Wu 0GG—01G2 1. souelds|ial ayy) uundind :Adoosoloads souelos|isy e wou Ajqeqoud 1nq) [|om e ul saype punoy Juswhid jo sdwinT
zyrenb Jo soussaud sy} paysebbins suonos|jel Bulurewal ay o
2WOG "PaliIuap! 89 Jou pinod ajiyo.d (g azis ajoed |ews wioun e ypum Buioelip Apeam (qyX UoJj01youig
"wea(q

Jase| ay} Aq papoxa 9ousdsalon|y Buolys ayy 40 asnesaq espoads uewey a|qelyuapl ou :Adoosonoads uewey BIS|UN] Ul SWNaSNW 10 S8}S UOITeAedxa [edlfojoaeydle

[89] Joppew paurejuod Asy} yeyl buisabbns ‘uoireuilni AN JOpUN paulWEeXs USYm 0U0salon|y aBuelo-yuld WOl "0g AINJuad 31} 0} YUno} sy} Jo sajdwes dn-axew olung 3uid
2Ap 1oppew oueblo ayy jo uondiosae pue uonenddaid sy} Joj pasn uoaq
aneY 1ybBiw sfessulw say] 19|} B 4O pue (apixoipAy wniuiwnfe Ajgqeqoid) spunodwod |y Jo ‘(s1euogled wniofed
Alqegoud) e) jo sijes Buiurepuoos ‘aseq e Jo aouasald ayj 3seb6ns osfe Jybiw 3| Aejd o}iuIjoeY JO UOITBWIO SUEI}
oy} Aq payeaud Ajfensn si yoiym ‘adA} saueydoje ayy 4o |96 wniuiwne-uodl|is, e sem a1elisqns :qyX

[ag] ‘p1oe 21Be|@ 04z'0 pue unsifunw ope’| ‘uundind 04686 ) 1dH abeype) "0g Ainjuad paiy} ‘sauod oiawsod yuid olung
92.Nn0S JUeIno|02 ay} se dds wnyer) 1o ] eunbelad Yy

Bunsabbns ‘uLrezie Jo syunowe s|geioalep ou Ing utindindopnasd pue uundind ypm Jeppew asol se paljiiuapl wnasny Ao [ned ‘M -08 AInjuad pJiy} 0} YUNoy ay} punose

[29] sem Juawbid ayj :Aijowojoydoujoads uoissiwe [eoRdQ “uoyeloxe AN drem-Buol Jlapun padsalony) sjdweg ‘Aje}] uisseayinos ul paonpold sojwelad esoue)) uo juswbid Muld

[99] S]BUOGIED WNIDED UOo 9| pal :X(3-W3S ‘N 1d 28 AINjUad 111} 0} YUNOL "BUOIY} 9|glew %9315

swnasn|y

arelisqns a1eipAy wniuiwnfe 1o apixoipAy wniuiwne :Adoosouoads (|4 Hy Aysioniun pleateH o8 AInjuad paiy} o} Ypinoy aye| punole ‘adA}

fele] Joppew 9501 J0 dISHajoe.eYd 90uddsalon|} yuid-pal 1ybiqg ay} pamoys juswbid syj uoeuiwn|i AN Jopun  eiBeue] sy} Jo sauunbiy elj0oeLIs)} %9a.L) dlisIug||oH uo juswbid Muld
81I0[0 JO WO SY} Ul 91BUOGIED WNID[ed pamoys sajduwes awos uo Xq3-NJS pue

J¥X ‘Nd ‘ayX 'ds wnier) pue Jeppew pjim jo sajdwes prepue}s Alojeioqe| paydrew eljoads aouaosalon|y (L01'VV'G8) wnasn|y

[81] ay] "uezije ou ing punoy sem ulindind :Adoosolioads eousosalony pue uondiosge SIA-AN PUB (DL ABSD) |ned ' "UISEq d|gJew 3815 08 Ainjusd-yunoy e uo ajdind dea(
1UBIN0j02 SY} Ul pa1odlop

asom ‘unsilunw pue uundindoyjuex ‘uundindopnasd Ajgeqoid pue ‘uundind ‘ulrezly Jusuodwod diuebioul a8y} Kiopod joudAg paddis

[79]  ul peoajep juswsle [ediound ayy sem uoll :sisAfeue Aes-x pue uoljeziuol 1oedwi uoijs)e Adoosonoads sin-An  -eHym 08 Ainjusd-ypusnas pue -ypybis uo uoljesodap ajdind-ysippay

EERTEYETENY «poylauw pue sjjnsai jesndjeuy uonduasap 19[qo

Aunbijue woJy syjuswbid Joppew jo sisAjeue ay) Jo sajdwexa aAljesedwo?) "€ d|qel

24 | Vincent Daniels, Thibaut Deviese, Marei Hacke and Catherine Higgitt



‘uundindopnasd pue sapisodA|B jo sso| paroadxs ay} Yim [JH JO 8SN Sy} UO paseq 8 0} PaWNSSE INg paHOodal 10U UOHOBIIXS JO POYIS *
JOBIIXS JUSAJOS BU} Ul ploe ay} woly pajoajold uundindopnasd sy yim ing sapisodA|B ayp 1o sso| patoadxe sy} Yiim ‘UOOBIIXS 81e1de [AUte AQ pamoj|o} Juswieal HOSN/|DH 10 UoFeulquod e Buisn UOROBIXS pliw-lweg

‘uundindopnasd pue sepisooA|B sy enasaid 01 HOoNF4g Buisn uonoenxs UBINOJ0D Pl

‘undindopnasd pue sapisooA|B sy} antesaid 0} 4 Buisn uoijoeIIxe JUBINOj0D PIA

‘undindopnasd pue sapisooA|B jo sso| pajoadxa sy} Yim |DH Buisn psjoeixs jueinojo)

-uundindopnasd pue sepisooA|B jo sso| paroedxa sy yum "OS°H perenusouod Buisn peloelixe 1uBINO|OY) -

QO O T O+ O

yBi4 Jo swi = 40| pue ‘uoleziuol uondiossp Jese| paisisse xuyew = |qIVIA ‘Alewoipoads
ssew-uoljeziuol uondiosap Iase| = SN-|JT ‘Alewoipoads ssew uonnjosal Ybiy ypm uorpeziuol Aesdsolosle o} pajdnoo AydelBoyewolyo pinbr souewiopad ybiy = SNYH-IST-D] ‘Apewolioads ssew-AydesBoyewoiyo
seb = gIN-DY ‘AydesBorewoiyo pinby souewlopad ybiy = J1dH ‘AydeiBoyewolyo 1okel ulyy = ) ‘oousosalon)y Aei-x = Jy¥X ‘UooRIYIP Ael-x = qy¥X ‘Adoosospoads uewey peoueyus adepns = Sy3S ‘Adoosolioads
paleljul Wiojsuel} 18UN04 = ¥|]4 ‘9|qisiA-}a|olnel}n = SIA-AN ‘Adodsololw uoipose uoissiwsues} = NT] ‘sisAleue Ael-y aaisiadsip ABlsus ypum Adoosouoiw uoljosje Buiuuess = Xq3-N3S Adoosoloiw bl pazuejod = N4 &

saj0N

ﬁW@_Tm:
dd 1y, ‘e9]

[V 'eL ‘9]

[6€]

[ov]

[12]

[ev ‘og]

[GL]

[8€]

[11 d ] uibuo [ewiue Jo o|qejaban, Jo 8¢ 0} POPN[OUOD SEM ING PaliuSpl J0U Sem

}UBIN0J0d dlueflo BY] "9yeuOq e WNIDED 0 92ussaid oy} PaWIU0D pIde Ypum juswieal] ([€9] yuomsule Aq
Kep, se paquasap) [g]] ‘d i/] SUHES SNOSIED[ED PUE ‘SNOUIWIN[E ‘SNO3I|IS, JO pasodwod Sem 8}ensgns ay |
Tell d ] ouired jo yeyy 0} Buiyoeoidde aisn|

B Sey Jouajul 8y} Inq T JUl} SH 1S0| SeY ) Ule 0} pasodxs usaq sey } a1aym Linojod asol sfed e, Se paquosa(
,OSE( BUIWIN[E UEB UO 9XE| NI} B, SE 9|dWwes ay} pasapisuod [eydey)) Jey} seyels [£9] YyHomsuie "euiwinfe
uodn Jsppew Jo Jeprew Bulinojod ayy Buixiy Aq paw.ioy axe| ayj 0} snobojeue, se juswbid ayy pepsebal [g/]
[exdeyD ey seyess [] Areq " Seouelsqns [ewiue o} Jelnoad |[aws sy} uorysodwodap Aq Buipiojye jou s,

}J0 2sneoaq ‘ulblLIo 9|qe}eban Jo §nNiSaApP B pauleluod 9xe| painoj0d-9s0l ojed sy} ey} papn|oU0d Sem }|

SpIX0 WNJUIWN[E JO 9BJISNS € UO JapPEeW WOol) paAlsp juswBid pai oiueblio )\

uiBlo ysiy|ays 4o aq 01 pue wnsslndind, se paijiuapl 81om sjUBIN0|0D 8y |

JUBINOJ0D OlUBBIO DY} JO} S1eIsgNS Sy} Se d}wojelp Jo asn Bursabbns sojdwes

au} [le Ul pepodas sem swiojelp Jo aouasald ay] "senundul Jaylo pue a4 Jo saUeNb |[BWS pue (s1euoqted
WINID[eD JO W0y Y} Ul) D ‘IS paurejuod arensqns :Adoosoudiw [eondo pue uoljeuiwexs [edlwad-091sAud
PSWLILUOD 8q J0U P|N0D (YSH|oys Wwo.) paaLap asouy Buipnjour) seAp pioBipur jo aoussde Jo souasald ay] dds
wnijer) Jo euubaiad -y adwexs Joj ‘sa10ads pjim € WOy INQ WNJOjouUl 3 WO} 10U S| JuBInojod sy} Bunsabbns
(uundind 04,86°2) ulezife Joao Jueulwopaid uundind ypm ‘pajosiep uundind pue uiezie Ajurew ;)74 H
"a1luobere pue a}iuljoey

40 sapiped aulje}sAlo swos surepuod osfe Juawbid ay| adA} Aejo sueydojje ayy 4o (96 wniuiwN[e-uodl|Is & a9
0} paysabbins si pue (O pue |y ‘I Buiureluos) snoydiowe Ajurew si ajensqns (N3] pue ay¥X Y114 ‘Xa3-IW3s

unsilunw pue uundindponasd {SINYH-IST-OT 'S

‘upndind (SN-1AT 3

‘urezie ou 3nq uundindopnasd pue uundind :,(40]-|d TN Buisn) SN-1Q7
‘upezife 104 92USPIAS ou pue el uundind eousielel e So|qUISSaI :GYTS '|

(IV:1S) 9¢1 NOQE 4O Olel B Ul SJUSLUOD |y pue IS yBiy — sjensans Aej :Xq3-NIS

‘oMe| JIoppew Sy 3S

‘uiblio [eyoban

JO 9¥e| paseq-auouinbeiyjue ue }sa66ns wu 09—GL 9 9BUBl SY} Ul paIjUSD SPUB UOISSILS AIOWIHON|J0IDIN
wewbid Buinsal ayy 0} pappe usy} alem areydsoyd wniofed pue wnsdAB

Se 4ons s}es Jey} pue ajunfe Bulurejuod uoisuadsns /UoiN|os B O} ([eliajew sulfe[e Sy} SB S| PaXE(S IO
uosreu Buisn) 1oel)xe Jeppew aulfese ue Buippe Aq uonnjos wo.y pajendioald sem juswbid ayy ey psysebbng
"95eq B 4O UOIIPPE U0 UOIIN|0S junje Ue woly pawlo} seyeidioald ajquesal eipoadg eyeydsoyd

pue ajeyd|ns Wno[ed Wos ‘S}edl|IS UBY} Joy}el BUILUN(E PajeIPAY 10 SpIX0IpAY wnjuiwnfe Ajurew || 4

"M puUB | 92el ') ' pue BN ‘o4 awos pue IS ‘0 ‘v ‘erelisgns snoydiowe :xqI-NIS

"S|eJoUIW SNOLIBA JO 8JBJ} B YIIM Ing snoydiowe Ajurew oelisgns :qy X

(wniopoun Y Aiqeqoud) uLrezife :Aiawwe}jon oI9AD

awoy ‘snyl| Jo
Syyeq oy} Je punoy aseA uaxo.q e ul Juswbid yuid asol pouad uewoy

llodwod e doys e wolj sjuswBid axe| yjuid pouad uewoy
liedwogd wouy Juswbid yui

llodwod e pajereoxa juswbid pasnun jo sojdwes painojoo-}o[0IA

ﬁmmmmm: ‘65181 20181) se|deN ‘wnasn [eaiBojoseydly
[euonep ‘ledwod ye pareaeoxs yuswbid ajdind-suid pasnun jo dwn
SOJOA 4O WNasn|A [ed160j0aeYDLY "SeljeWa( 40 A
39911) JUSIOUB B} WO} 08 AINJUSD YHNO4 Y} JO X0 ,2pIXAd, %9910 'S
*2ub0j0)) ‘WNasN| SaYDSIUBUWIBL)-YSIWOY Bubojo)
40 Ayo uewoy ay} woly av Ainjuad pJaiy} sy} Jo a1ayds sseln) g
o]
‘wnasnwisapueT sayosiuleyy Auewlar) ‘yrelapap 1e A1srawad
UBWOY Sy} Woly av AInjuad sy SY} JO (WNLBWES/B]) S]10q SSE|D) *|
!SOI}OWIS0D UBWOY-03.5)

9 av Jeye 3jing
‘aWoy Ul BAINY SNWO( Y} J0 }nea pap|ib jo Buljieo woly syuswbiy

BZUSDIA WO} eloydwe uewoy |jews
© pue 19|qob € Jo wopoq ay} wouy (Juswbid ¥|ng) [euarew xuid-}s|oiA

Technological insights into madder pigment production in antiquity | 25



Unfortunately there is less analytical information available
on pigment technologies, but the evidence from textiles points
to the transmission of specific skills and traditions over long
periods. The rather consistent use of (pseudo)purpurin-rich
madders highlighted in this study may reflect the selection
of a particular madder source and/or the control of the
production technology in pigment manufacture. As with the
textiles, in the post-Byzantine [80] and Medieval periods the
pigment technology appears to change and more alizarin-rich
pigments tend to be found, but more data are required to
understand why and when this change occurred. Additional
work is planned to determine whether the addition of a
solid substrate to a colourant extract and the choice of such
a substrate can result in preferential uptake of colourant
components and modifications to the colourant composi-
tion. Further studies are also being developed to explore the
relative stabilities of alizarin, purpurin and pseudopurpurin
(and their precursors) and to investigate the good preservation
of colour observed for many examples of early madder lake
pigments.

Conclusions

Based on experimental pigment production and the evidence
from the analytical study of early madder pigments, this
article presents technological insights into madder pigment
production in antiquity in the absence of direct documentary
evidence. As such pigments are typically rich in (pseudo)pur-
purin and contain little or no alizarin, it has been suggested
that R. tinctorum, which tends to yield pigments containing
significant proportions of alizarin, was not the colourant
source employed to create madder pigments at this period.
While the exploitation of other dye plant species, including R.
peregrina — which is intrinsically rich in (pseudo)purpurin — or
the controlled cultivation of R. tinctorum 1s possible, this study
has demonstrated that early pigment makers could have devel-
oped a process of selective extraction of colourants from R.
tinctorum based on the use of soaking, alum extraction and tem-
perature adjustment that would have given a higher (pscudo)
purpurin content (and more purple colour) using materials
and technologies available at the time.

Although variations in the pigment substrate, additives and
extenders have been noted in this study, the madder pigment
technology in terms of the colourant composition appears — in
common with madder dyeing technologies — to have been
quite consistent over a long period and wide geographical
region but to be quite distinct from the later technologies in
use in Medieval Europe.

Experimental appendix

HPLC-DAD analysis

All pure analytical standards were dissolved in a 1:1 (v/v)
mixture of water and methanol at room temperature. The
madder root samples were ground to a powder and then a
few milligrams were extracted in 1 mL of the same solvent at
100°C for 30 minutes. After 5 minutes of centrifugation the
extract was transferred in a HPLC vial. For the archaeologi-
cal and replica pigment samples, ¢.1 mg pigment powder was
extracted in 200 pL of a 2:1 (v/v) mixture of dimethylforma-
mide (DMF) and methanol at 80°C for 10 minutes. The extract
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was transferred to a HPLC vial and 200 pL of a mixture of
methanol, acetone, water and 0.5M oxalic acid (30:30:40:1 by
volume) was added to the remaining pigment and the sample
heated at 80°C for 15 minutes. The solution was evaporated
under nitrogen and the residue was reconstituted with 200 plL
of a 2:1 (v/v) mixture of water and methanol and the solution
added to the HPLC vial containing the DMF extract. The
combined solution was then analysed by HPLC by injecting
10 pL samples.

Analyses were carried out using an Agilent HPLC HP1100
system comprising a vacuum solvent degasser, a binary pump,
an autosampler and a column oven. The column used for the
separation was a Phenomenex Luna C18(2) 100 A, 150 x
2.0 mm, 3 pm particle size, held at 40°C in a column oven.
Detection was performed using an HP1100 DAD with a
500 nL flow cell and using detection wavelengths from 200 to
700 nm. Two solvents were used as eluent: (A) 99.9% water
with 0.1% trifluoroacetic acid (v/v); and (B) 99.9% acetonitrile
with 0.1% trifluoroacetic acid (v/v). The elution programme
provided a linear increase in the ratio of A to B from 95:5
to 70:30 over a period of 25 minutes followed by a second
linear gradient to 0:100 over the next 15 minutes. After eluting
with pure B for 10 minutes a third linear gradient was used
to return to the initial composition (95% A to 5% B) in 15
minutes before eluting with this solvent mixture for a further
10 minutes to stabilize the system. The flow rate was fixed
throughout at 0.2 mL per minute, creating a system back
pressure of about 118 bars (11.8 MPa).

UV-visible spectroscopy

A quantity of root or pigment was soaked in a vessel con-
taining 10% hydrochloric acid. Toluene was poured over this
aqueous phase and formed an immiscible supernatant layer.
The mixture was left to stand overnight and then heated to
100°C for 30 minutes. In this study the soaking period was
increased to seven days for convenience.

The toluene solution was placed in a quartz cuvette and
UV-visible spectra were acquired using a Thermo-Fisher
Evolution 220 UV-visible spectrophotometer with a double-
beam geometry and a wavelength range of 190 to 1100 nm.

By scaling up the quantities involved this extraction method
was also used to isolate a small quantity of pseudopurpurin
from Winsor & Newton rose madder pigment (known to be
rich in pseudopurpurin). The toluene extract was allowed to
evaporate to yield a solid sample of pseudopurpurin for use
in the solubility experiments.

FTIR spectroscopy

Samples for FTIR analysis were prepared in the form of
pressed potassium bromide (KBr) pellets and analysed in
transmission mode using a Nicolet 6700 spectrometer with a
DLaTGS detector. The spectra were acquired over the range
4000-400 cm ' using 32 scans at a resolution of 4 cm ! and
automatic gain.
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Note

1. Alizarin (molecular weight 240) — & (EtOH) 247, 278, 330 and 434
nm; log € 4.45, 4.13, .46 and 3.70. Purpurin (molecular weight 256)
= A, MeOH) 255, 290(sh), 457(sh), 485, 518 and 542(sh) nm; log &
4-41, 4.09, 379, 3.96, 3.86, 5.58. Pseudopurpurin (molecular weight
300) A (EtOH) 256, 285 (sh), 487 and 520 nm; log € 4.52, 4.10, 3.96
and 3.85 [61; p. 407].




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


