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A B S T R A C T

A broad palette of natural dyes is often mentioned with reference to dyed textiles from ancient China. However,
few scientific works address the problem of correctly identifying these dyes, often referring simply to uni-
dentified sources.

The aim of this work was the creation of a database of mass spectra of molecules related to Chinese natural
dyes, intended to be used for their identification in archaeological textiles. High pressure liquid chromatography
coupled with electrospray ionisation and quadrupole time-of-flight detection (HPLC-ESI-Q-ToF) was used to
analyse twenty-eight reference specimens of Asian dyes, including relatively common dyes, such as sappanwood
(Biancaea sappan), gromwell (Lithospermum erythrorhyzon), safflower (Carthamus tinctorius), madder (Rubia
tinctorum, Rubia cordifolia and Rubia akane), and unusual dyes, such as rosewood (Dalbergia sp.), rhubarb (Rheum
emodi), dragon's blood (Daemonorops sp.), gamboge (Garcinia hanburyi), violet (Viola yedoensis), etc. All analyses
were repeated after artificial ageing, thus showing which molecules are more likely to be considered as markers
for the identification of these dyes in ancient textiles. Because of the dye sources chosen, most molecular classes
of natural organic colourants were included in the mass spectra database, i.e. anthraquinones, naphthoquinones,
flavonoids, neoflavonoids, alkaloids, chalcones, carotenoids, xanthenes, polyphenols, etc. The information ob-
tained from the reference specimens was then used to identify the dyes in thirty-one textiles from Dunhuang
(northwestern Gansu, China, 7th-10th century AD) in the British Museum's collection. The sampling was guided
by the data previously gathered from multispectral imaging and fibre optic reflectance spectroscopy (FORS),
presented in a separate paper. Mixtures of dyes were commonly found, leading to hypothesise the re-dyeing or
recycling of some of the textiles. A very broad palette of dyes suggested possible different origins for these
textiles and a tendency to experiment with dyeing. These data, integrated with the ones obtained non-invasively,
represent a significant source of information for researchers investigating textiles from the Silk Road.

1. Introduction

For various reasons, the identification of natural dyes in archae-
ological textiles is a challenging task from a scientific point of view. The
geographical variability of dye sources makes the identification strictly
dependant on the availability of reference materials, which are some-
times not easily accessible [1]. Moreover, the ageing of the textiles and
the degradation of the dye molecules generally produce colour change,
differences in the photophysical properties and a reduction/change of
the molecular markers that can be used for identification [2–4]. Finally,
the level of information and the probability of identification vary ac-
cording to the investigative approach chosen [5].

Generally, dye molecules belong to a broad range of molecular ca-
tegories, such as anthraquinones, flavonoids, neoflavonoids, indigoids,

carotenoids, chalcones, alkaloids, xanthones, naphthoquinones, antho-
cyanins, tannins, etc. Such variety of chemical structures requires robust
analytical methodologies able to provide reliable responses for all these
classes of molecules [5–11]. Sometimes textiles are considered too
precious or too fragile to allow sampling. Non-invasive techniques, such
as fluorescence spectroscopy [12,13], UV–Vis reflectance spectroscopy
[14] and multispectral imaging [15,16], and micro-invasive techniques,
such as SERS [17], have shown their potential for dye identification
when access for sampling is restricted. However, some dye molecules
do not produce signals specific enough to enable their identification
non-invasively, especially most yellow dyes [12,18]. Sampling opens
the possibility of obtaining information that relates more deeply to the
molecular structure of the dye molecules. Having access to the exact
molecular composition of a sample is the only way dye sources can be
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identified with extreme precision, down to the exact plant or animal
species. Nowadays, HPLC-MS is the technique of choice for obtaining
such information, and the amount of sample needed is generally very
small (2–3mm of a thread) [6,10,19], which usually makes the small
damage on the textile acceptable considering the level of information
gained. However, due to the high number of molecular classes poten-
tially present in a sample, extraction procedures and detection condi-
tions must be optimised, in order not to discriminate certain categories
of molecules over others [8,20,21]. Extraction procedures combining
different solvents and mild acidic conditions appear to be the most
suitable for this task and also to ensure the preservation of the mole-
cular structures without alteration, for example avoiding the cleavage
of the glycosidic bonds in dyes containing conjugated flavonoids

[2,22–27].
This paper presents the results obtained by HPLC-MS for the iden-

tification of the dyes in thirty-one textiles from Dunhuang (north-
western Gansu, China) dating from the 7th to the 10th century AD.
Before taking a limited number of samples, these textiles were in-
vestigated non-invasively, using digital microscopy, multispectral
imaging and fibre optic reflectance spectroscopy (FORS) [16]. To
achieve the identification, a set of reference samples was created by
dyeing silk fabrics with twenty-eight sources of dyes mostly mentioned
in historical manuscripts [27–29].

Previous works have addressed the identification of Asian dyes
adopting different approaches [18,20,30–40] and a few studies focusing
on mass spectrometric data are available [22,27,35,41–43].

Fig. 1. Image of the set of reference samples under investigation. The samples are shown as pairs: for each pair the upper samples are non-aged and the lower samples
are aged. In the low part of the image, the samples on the left are non-aged and the samples on the right, representing a sub-sample of the samples from the left, are
aged.
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Nevertheless, the literature is very fragmentary on this topic and most
of the research done supports single case studies. This study represents
the most systematic work undertaken on the topic and includes the
most complete collection of data. In addition, the archaeological com-
plex of Dunhuang, which is considered a pearl amongst discoveries on
the Silk Road, is of paramount importance in the field of oriental stu-
dies. The caves had been sealed from the beginning of the 11th century
until their discovery in the early 1900s [44]. The extremely dry en-
vironmental conditions permitted the exceptional preservation of the

works of art present in the caves, not only colourful mural paintings and
statues, but also organic materials, such as documents, silk paintings
and textiles, whose production spanned from the 6th to the 11th cen-
tury [45,46]. Although the mural paintings probably attracted the
highest level of attention and the greatest number of studies, the textiles
were equally impressive. They consisted of canopies, banners, sutra
covers and wrappers, polychrome and monochrome woven silk, clamp-
resist dyed silk and embroidered silk [44].

It was Sir Aurel Stein who acquired many objects, including a large

Fig. 2. Images of the front and the back of the textiles MAS.871 (a) and MAS.872 (b) showing the sampling positions and micrographs of the samples recorded with
an optical microscope.
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number of textiles and textile fragments, and brought them to Britain in
the early 1900s [47]. In London these textiles are now divided among
the collections of the British Museum, the Victoria and Albert Museum
and the British Library, but Dunhuang textiles are spread all over the
world in the collections of many major museums [44,48,49]. Generally,
the textiles have been catalogued and studied from a technical point of
view. In addition, some knowledge is available about textile production
and dyeing practices in ancient China [1]. However, most information
refers to later periods, such as Ming (1368–1644 AD) and Qing
(1644–1911 AD) dynasties [28].

For all these reasons, the results shown in this paper represent va-
luable information with a broad interest for the scientific and museum
communities, providing a significant advancement for the identification
of Asian dyes by HPLC-MS and for the knowledge of Dunhuang textiles.

2. Materials and methods

2.1. Reference material

Twenty-eight specimens of raw materials were collected from dif-
ferent sources. These included Phyllanthus emblica (Indian gooseberry),
Rhus sp. (Chinese sumac), Juglans regia (walnut tree), Rubia cordifolia

(Indian madder, munjeet), Rubia tinctorum (dyer's madder), Rubia akane

(Japanese madder), Kerria lacca (Indian lac dye), Biancaea sappan

(sappanwood), Pterocarpus santalinus (sandalwood), Carthamus tinc-

torius (safflower), Lithospermum erythrorhizon (gromwell), Rheum emodi

(rhubarb), Dalbergia sp. (rosewood), Daemonorops sp. (dragon's blood),
Curcuma longa (turmeric), Gardenia jasminoides (cape jasmine), Crocus
sativus (saffron), Phellodendron amurense (amur-cork tree), Coptis chi-

nensis (Chinese goldthread), Berberis thunbergii (Japanese barberry),
Symplocos sp. (Lodh tree/Asiatic sweetleaf), Viola yedoensis (violet),
Sophora japonica (pagoda bud), Rhamnus saxatilis (buckthorn), Garcinia
hanburyi (gamboge), Reseda luteola (weld), Miscanthus sinensis (silver
grass) and Cotinus coggygria (smoketree).

These dye sources were chosen on the basis of available literature on
natural Asian dyes potentially available in Tang dynasty China
[1,3,28,29,31,34,35,42] and were used to create a reference set of dyed
silk samples. The details about the acquisition of the dyes, the pre-
paration of the samples, including the parts of the plants used and the
dyeing processes, are presented in Ref. [16]. An image of the samples
obtained before and after ageing is shown in Fig. 1.

2.2. Archaeological textiles and samples

Seventeen monochrome woven silk, eleven polychrome woven silk
and three embroidered silk textiles were chosen from the Stein collec-
tion in the British Museum. The textiles, mainly fragments, are dated
from the late 7th to the early 10th century (Tang to Five Dynasties
period) and represent various weaving techniques (damask, gauze,
brocade, samite, etc.). They show a wide range of colour shades, in-
cluding yellow, orange, pink, red, brown, purple, green and blue.

The textiles were investigated non-invasively using digital micro-
scopy (DM), multi-spectral imaging (MSI) and fibre optic reflectance
spectroscopy (FORS), and some information about the dyes present was
obtained as described in Ref. [16] and was used to guide the sampling.
One sample was then taken from each monochrome textile fragment
and a selection of sampling areas was identified for each polychrome
and embroidered textile. In most cases, samples were taken from the
back of textiles, by selecting loose threads. The focus was on yellow,
red, orange, pink and purple colours. The blues were excluded from the
invasive investigation, as the presence of indigo was clear from MSI and
FORS results and additional information about the exact source of the
dye cannot be obtained chemically.

A description of the textiles is provided in Ref. [16]. Fig. 2 shows
two of the textiles with the sampling areas indicated and micrographs
of the samples taken. Images of the other textiles and corresponding

samples are reported in the Supplementary Information (Figs. S1–12).
Table 1 reports the number of samples taken from each textile and a
summary of results obtained by HPLC-ESI-Q-ToF for all the textiles
analysed. A summary of the information obtained by the non-invasive
analyses [16] is also provided for comparison.

2.3. Artificial ageing

Artificial ageing was performed on the set of reference samples in
order to evaluate changes in the chemical composition induced by an
accelerated ageing/fading simulating the results of a long-time ex-
posure in a museum environment. An Atlas SolarClimatic SC 340MH
climatic chamber was used. This was equipped with a metal halide
lamp simulating solar radiation and a UV filter (5 mm LEXAN filter with
a Sun-X MT20 film) to cut the radiation below 400 nm and reduce the
total light to 0.027 Mlux h−1. The temperature was set at 40 °C and
relative humidity was set to 50%. The experiment lasted four weeks
(672 h) and the samples were exposed to ca. 18.15 Mlux. Further details
about the conditions of the ageing are described in Ref. [16].

2.4. Optical microscopy (OM)

Examination by optical microscopy was carried out on the samples
using a Leica MZ6 stereomicroscope equipped with a ScopeTeck
DCM900 digital camera.

2.5. HPLC-ESI-Q-ToF

The reference samples were analysed before and after ageing. For
these samples ca. 5mm (ca. 150 μg) of a single thread were used. These
are usually considered large samples, as a successful analysis can gen-
erally be done with half of this amount. In fact, for the Dunhuang
samples, 2–3mm (ca. 100 μg) of single threads were taken.

All the samples were treated using the method published in Ref.
[22], which briefly consists of a double mild extraction procedure using
DMSO and a mixture of methanol/acetone/water/0.5M oxalic acid
30:30:40:1 (v/v/v/v). The method has proven suitable for the analysis
of organic colourants in both dyes [15,22,27] and pigments formula-
tions [50,51].

Analyses were carried out using a 1260 Infinity HPLC (Agilent
Technologies), coupled to a Quadrupole-Time of Flight tandem mass
spectrometer 6530 Infinity Q-ToF detector (Agilent Technologies) by a
Jet Stream ESI interface (Agilent Technologies). Separation was
achieved using a Zorbax Extend-C18 column (2.1 mm× 50mm, 1.8 μm
particle size) with a 0.4 mL/min flow rate and 40 °C column tempera-
ture, and a gradient of water with 0.1% formic acid (eluent A) and
acetonitrile with 0.1% formic acid (eluent B). The elution gradient was
programmed as follows: initial conditions 95% A, followed by a linear
gradient to 100% B in 10min, and held for 2min. Re-equilibration time
for each analysis was 10min. 5 μL injection volume was adopted for MS
experiments and 10 μL for MS/MS experiments.

The ESI operating conditions were: drying gas (N2, purity> 98%)
temperature 350 °C and 10 L/min flow; capillary voltage 4.0 kV;
nebulizer gas pressure 40 psig; sheath gas (N2, purity> 98%) tem-
perature 375 °C and flow 11 L/min.

High resolution MS and MS/MS spectra were acquired in positive
and negative mode in the range 100–1700 m/z. The fragmentor was
kept at 150 V, nozzle voltage 1000 V, skimmer 65 V, octapole RF 750 V.
For the MS/MS experiments, different voltages (from 10 to 40 V) in the
collision cell were tested for Collision Induced Dissociation (CID), in
order to maximise the information obtained from the fragmentation.
The collision gas was nitrogen (purity 99.999%). The data were col-
lected by targeted MS/MS acquisition with an MS scan rate of 1.0
spectra/sec and a MS/MS scan rate of 1.0 spectra/sec. Auto-calibration
was performed daily using Agilent tuning mix HP0321 (Agilent
Technologies) prepared in 90% water-10% acetonitrile.
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MassHunter® Workstation Software was used to carry out mass
spectrometer control, data acquisition, and data analysis. In particular,
extract ion chromatograms were obtained using the software EIC
function and selecting the mass range corresponding to the calculated
mass± 0.001m/z.

3. Results

3.1. Reference samples

The chromatographic profiles obtained from most of the reference
samples were very complex, showing a high number of molecules. The
identification of these molecules was based on the accurate masses of
their protonated [M+H]+ or deprotonated ions [M-H]- and their
fragmentation spectra. The instrumental accuracy in mass measure-
ments resulted in a difference between the experimental accurate
masses and the calculated masses below 2 ppm in all cases. Considering
that 2 ppm of 500m/z corresponds to 0.001m/z and that the molecules
considered in this work are in the approximate range of 250–900 m/z,
mass values are here reported with three decimal digits. In the case of
molecules present in the in-house database, retention times were also
used to compare with the standard molecules. MS/MS data available in
the literature were used in the majority of the cases where a standard
molecule was not available for direct comparison. Some tentative as-
signments were made by interpreting the tandem mass spectra of un-
known molecules. The main molecules present in each reference sample
are listed in Table S1 (Supplementary Information), together with their
mass spectrometric details. Some of the molecules are evidenced and
referred to as markers of identification of a specific dye source. The
criteria used to define these markers were i) for the molecules to be
present after artificial ageing and ii) for the molecules not to be ubi-
quitous, i.e. present in many samples. Figs. 3 and 4 show the molecular
structures and m/z of the molecular ions of most of these marker mo-
lecules, highlighting the variety of molecular classes to which they
belong.

During the discussion of the results, the relative abundance of
compounds is sometimes mentioned in this paper. It is important to
underline that this refers to the chromatographic peak areas (as ob-
tained from the extract ion chromatograms – see section 2.5), which are
a result of both the concentration and the ionisation yield of molecules.
As no calibration curve has been performed in this study, the relative
abundance of the peaks is not directly related to the actual concentra-
tion of the molecules in the samples. However, as the same analytical
conditions were applied to all samples, internal comparisons within the
dataset are scientifically acceptable, for example between non-aged and
aged samples.

3.1.1. Brown

The brown samples (Indian gooseberry, walnut and Chinese sumac)
had very different compositions. Indian gooseberry (P. emblica) fruits
are reported to be a rich source of (poly)phenolic compounds, such as
flavonoids and hydrolysable tannins. Gallic acid, ellagic acid, corilagin,
chebulagic acid, quercetin and kaempferol are mentioned as the main
components in the extracts of various parts of the plant [52,53], and a
high number of minor compounds are also reported [54,55]. In these
analyses ellagic acid, kaempferol, quercetin and quercetin glycosides
(quercitrin - quercetin-3-O-rhamnoside - and rutin - quercetin-3-O-ru-
tinoside) were detected in the non-aged sample, suggesting that these
are the molecules with the highest affinity for the silk fibres. However,
after ageing, the main compounds detected in the sample were hydro-
xybenzoic acids (3,4-dihydroxybenzoic and 4-hydroxybenzoic acids),
which are known to be degradation products of tannins and flavonoids
[56].

Walnut husks (J. regia) are also known to contain phenolic acids,
flavonoids and tannins, but, among them, juglone (5-hydroxy-1,4-
napthoquinone) is unique to walnuts [57] and can be used as marker to

identify the walnut tree as a source of brown colour [1]. In the case of
these analyses, juglone ([M-H]-=173.024m/z) was detected together
with luteolin, quercetin, quercetin-3-O-glucoside, quercitrin, juglanin B
and juglanin C [58], as well as an unknown compound with m/z

189.019. The mass of the deprotonated ion [M-H]-, as well as the
tandem mass spectrum, suggested the presence of an additional oxygen
atom on the juglone molecule. Therefore, this compound was tenta-
tively assigned to the hydroxyl or oxo-juglone.

The results obtained for the Chinese sumac (Rhus sp.) sample were
in agreement with the high content of hydrolysable tannins generally
present in the Rhus plants [1,59,60]. The exact species of this specimen
could not be identified, despite the use of SEM to investigate the wood
anatomical features, although the genus was confirmed as Rhus. How-
ever, different Rhus species are commonly referred to as Chinese sumac
in the literature [1,29] and the exact identification was not necessary
for the purposes of this work. Ellagic acid, 3,4,5–trihydroxy-2-oxo-1,3-
propanediyl ester of benzoic acid, tetragalloyl-glucoside and various
other glucosides of ellagic and gallic acids were identified. Just a slight
increase in the relative abundance of ellagic acid was detected after
ageing and the rest of the profile was very similar, highlighting a cer-
tain degree of hydrolysis but also a good stability for these molecules.

3.1.2. Red, orange, pink and purple

The madder samples (R. akane, R. cordifolia and R. tinctorum)
showed the typical distribution of anthraquinones. Alizarin, xantho-
purpurin, rubiadin, purpurin, anthragallol, munjistin and pseudo-
purpurin were present in the three samples and munjistin showed the
highest relative abundance in all of them. However, munjistin was
extremely predominant in R. cordifolia and alizarin showed remarkably
higher relative abundance in R. tinctorum than in the other species.
Additionally, 6-hydroxyrubiadin was only detected in R. akane and
nordamnacanthal was only detected in R. tinctorum. Glycosides also
showed differences amongst the species: 6-hydroxyrubiadin primvero-
side ([M-H]-=563.141m/z), 6-hydroxyrubiadin rhamnosyl glucoside
([M-H]-=577.156m/z) and its acetate derivative ([M-H]-

=619.167m/z) were specific for R. akane, whereas ruberythric acid
([M-H]-=533.130m/z), rubiadin primveroside ([M-H]-=547.146m/

z) and lucidin primveroside ([M-H]-=563.141m/z) were character-
istic of R. tinctorum. Negligible amounts of glycosides were observed for
R. cordifolia. These results were in good agreement with the ones pre-
sented by Mouri and Laursen [61] and the chromatographic profiles are
shown in Fig. 5. After artificial ageing, the relative abundances of some
of the molecules changed slightly, but generally a good consistency was
shown, with all the markers still present. The set of reference samples
also included an iron-mordanted sample dyed with R. tinctorum. It was
interesting to observe that no significant difference in the molecular
composition was present between the alum-mordanted and the iron-
mordanted samples, despite a very different colour.

In contrast, the two samples obtained from sappanwood (B. sappan)
dyed at neutral and alkaline pH showed some differences in composi-
tion. The chromatographic peaks for brasilin and brasilein, known as
markers for this dye [8,27,62], showed high relative abundances in the
sample dyed at neutral pH (bright red). Other molecules, such as sap-
panol, 3-deoxysappanchalcone, sappanone A and B, 3-deoxysappanone
B and some of their isomers also showed significant abundances [63], as
well as protosappanins, especially D and E. On the other hand, the so-
called type C component had a very low abundance in this sample. This
compound has recently been identified as a benzochromenone referred
to as urolithin C [64]. The sappanwood sample dyed at alkaline pH
(bright fuchsia) showed a much higher relative abundance of urolithin
C than the sample dyed at neutral pH with comparison to brasilin and
brasilein. In addition, a much lower abundance of protosappanins was
found in this sample. After artificial ageing, a drastic reduction of
brasilin and brasilein was observed with a corresponding relative in-
crease in the relative abundance of urolithin C. However, the formation
of this compound does not appear to be directly related to the
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degradation of brasilin and brasilein [64]. Therefore, urolithin C might
naturally be present in the sappanwood heartwood and its extraction is
likely to be affected by pH conditions. Further studies are needed to
clarify this aspect better, but the stability of urolithin C appears to be
intrinsic to its molecular structure and it can therefore be considered as
the most reliable marker for the identification of sappanwood in aged
samples. However, other types of red dyewoods, including brazilwood
(Caesalpinia echinata) and other Caesalpinia spp., produce a dye with an
extremely similar composition to sappanwood (B. sappan) and urolithin
C is the markers of identification of these plants as well. As these other
plants are originally from South America, a correct identification can
therefore only be achieved if the geographical origin and date of the
textiles are certain. The chromatographic profiles of the sappanwood
reference samples are shown in Fig. 11a–c, where they are compared
with some profiles obtained for the archaeological samples (see section

3.2.2).
The samples obtained from sandalwood (P. santalinus) in neutral

and alkaline dyeing conditions did not show significant differences in
composition. The results presented here were similar to the ones ob-
tained by Surowiec et al. [65]. Santalins, in particular A, B, C and AY
were detected, with santalins A and B being the most abundant. Pter-
ostilbene was also present in significant abundance, together with some
chalcones and isoflavones, namely formononetin, butin, butein, ango-
lensin, anisoin, hydroxyformononetin and some unidentified ones. The
lack of detection of santarubins confirmed the attribution to P. santa-

linus, which does not contain these molecules unlike other red insoluble
dyes (Baphida nitida) [65,66]. Santalins were not detected after artifi-
cial ageing. This makes this dye difficult to identify, particularly be-
cause formononetin, butin and butein are common to other plants that
can be used to obtain red/brown colours, such as rosewood (Dalbergia

Fig. 3. Molecular structures, names and m/z values of the molecular ions of most molecules discussed as responsible for orange/red/pink/purple/brown colours. The
molecules are divided into categories. Table S1 reports additional mass spectrometric details and the botanical sources of the molecules.
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sp.) [67]. Electrospray ionisation mass spectrometry has been applied
for the characterisation of flavonoids and neoflavonoids in Dalbergia

odorifera extracts [68]. The results present here were in agreement with
this previous research and liquiritigenin, isoliquiritigenin, pinocembrin,
formononetin, butin, butein, melanettin, hydroxyformononetin, pru-
netin, vestitione, koparin, sativanone, stevenin, violanone and 3′-O-
methylviolanone were identified as the main components of the dye
produced from the raw material. Various unidentified (poly)hydroxy
(poly)methoxyisoflavones were also present. After artificial ageing the
relative abundance of the molecules decreased significantly, reflecting
the high level of fading of this dye, but the internal proportions re-
mained similar. Hydroxybenzoic acids also appeared as degradation

products of the flavonoids. Fig. 6 shows the chromatographic profiles of
the non-aged sandalwood and rosewood samples.

Lac dye (K. lacca) showed the typical composition frequently de-
scribed in the literature, with laccaic acids A, B, C, D and E showing
high abundances [25]. Xantholaccaic acids A ([M-H]-=520.0885m/z)
and B ([M-H]-=479.0620m/z) were also present [69], as well as an
unidentified compound with [M-H]-=634.0686m/z. The tandem mass
spectrum suggested that the structure of this compound is related to the
other laccaic acids, as they share the main fragment ions, namely [M-
H2O]

-, [MeH2OeCO2]
-, [MeH2OeCO2eCO2]

- and [Me-

H2OeCO2eCO2eH2O]
-. The unidentified laccaic acid also shows a

fragment ion corresponding to [MeH2OeCO2eCO]-, which points

Fig. 4. Molecular structures, names and m/z values of the molecular ions of most molecules discussed as responsible for yellow colours. The molecules are divided
into categories. Table S1 reports additional mass spectrometric details and the botanical sources of the molecules.
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towards the presence of an additional CO group on the molecule, but
the interpretation could not provide further information. As recently
described, lac dye is usually present with associated compounds from
shellac resin [25,70,71], such as polyhydroxy carboxylic acids (aleuritic
acid, butolic acid, etc.), sesquiterpenoid acids (jalaric acid, laccijalaric
acid, shellolic acid, etc) and their esters and polyesters. This sample was
no exception. Although lacciaic acids A and B are reported to be prone
to the degradation, the distribution of the compounds after artificial
ageing was very similar to the non-aged sample. Dragon's blood (Dae-
monorops sp.) is another material that shares the co-presence of resinous
compounds and colourant molecules [72]. Many triterpenes were de-
tected in the reference sample, in agreement with what is reported in
the literature [73]. The main colourant molecules were trihydrox-
ychalcone, dihydroxymethoxychalcone, dracoflavylium, 4,6-dihydroxy-

2-methoxy-3-methyldihydrochalcone, dracooxepine, dracoflavan A, B1
and B2 [72,74]. The identification of dracoflavylium and other antho-
cyanins by electrospray ionisation in negative mode is generally com-
plicated, as these molecules tend to form water adducts and draco-
flavylium was in fact detected in this form [75]. The formation of
formic acid adducts in the ESI source is also a possibility for other
classes of molecules, as addressed in section 3.1.3. Dracoflavylium is
considered the marker for Daemonorops plants, which can be dis-
tinguished from Dracaena and other plants producing dragon's blood
[76]. After artificial ageing, the composition was significantly different.
Dracoflavans were absent and additional peaks were present. These
were not identified, but are likely to be degradation products of fla-
vonoids and triterpenes.

Gromwell (L. erythrorhyzon) is the most common source of purple in

Fig. 5. Extract ion chromatograms of the anthraquinones detected by HPLC-ESI-Q-ToF analysis (negative mode) of a) Japanese madder (R. akane), b) Indian madder
(R. cordifolia) and c) dyer's madder (R. tinctorum).
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Asia [1]. Gromwell's molecular marker is shikonin. Many other mole-
cules are reported in the fresh extract of gromwell and other Bor-

aginaceae plants [77,78], but these do not appear to be present in the
extracts obtained from dyed textiles, probably suggesting a poor affinity
of these molecules for the fibres or the difficulty to extract them from
the plant. Shikonin is considered the marker for the identification of
gromwell, but this naphthoquinone is an optical isomer of alkannin,
which is the molecular marker for alkanet (Alkanna tinctoria) and is
found in other purple-dyeing plants, such as Onosma and Arnebia spp.
As alkannin and shikonin cannot be separated on reverse phase HPCL or
distinguished by ESI-MS, the differentiation of all these species is not
straightforward and the geographical origin of the textile plays a role in
the identification. Nevertheless, three other molecules were found to-
gether with shikonin in the reference sample of gromwell, their [M-H]-

being 205.014m/z (C10H6O5), 259.025m/z (C13H8O6) and 285.077m/

z (C16H14O5). Shikonin was found with very low abundance after
ageing, whereas the other three compounds still showed significantly
high abundances, which makes them reliable markers for gromwell in
aged samples, assuming they are not present in the other above-men-
tioned purple-dyeing plants. The tandem mass spectra did not give
sufficient information to elucidate the structures completely. However,
the fragmentation of the C10H6O5 molecule points towards a trihy-
droxynaphthoquinone and the fragmentation of the C13H8O6 molecule

suggests a tetrahydroxyxanthone or tetrahydroxybenzochromenone as
possible structures.

The main red component of the safflower dye (C. tinctorius) is car-
thamin, which is always found with two degradation products. These
are the result of a reverse aldol condensation [79,80]. The masses of
their [M-H]- are 449.109 (C21H22O11) and 477.104 (C22H22O12) m/z.
Another non-coloured component with [M-H]-=582.262
(C21H45NO17) m/z was present in all the safflower samples, including
the yellow reference [79,81]. In the yellow sample apigenin and
kaempferol were also detected, as well as some quinochalcones, in-
cluding safflower yellow A and hydroxysafflower yellow A. The com-
position of the yellow safflower sample did not change significantly
after ageing, whereas for the red safflower, which is known to be highly
fugitive, carthamin was very low compared to the two degradation
products and the compound with [M-H]-=582.262m/z. Therefore,
these compounds are more reliable markers than carthamin in very
faded samples. The chromatographic profiles of the pink safflower re-
ference sample before and after ageing are shown in Fig. 9e–f, where
they are compared with some profiles obtained for the archaeological
samples (see section 3.2.2).

3.1.3. Yellow

Rhubarb (R. emodi) extracts contain anthraquinones and

Fig. 6. Extract ion chromatograms of the molecule detected by HPLC-ESI-Q-ToF analysis (negative mode) of a) rosewood (Dalbergia sp.) and b) sandalwood (P.
santalinus).
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anthraquinone glycosides, but also stilbenes, sennosides and galloyl-
glycosides [82,83], which contribute to produce brownish yellow/or-
ange colour. The stilbenes resveratrol, deoxyrhapontigenin, piceatannol
and rhapontigenin were all found in their aglycone, glycoside and
galloyl-glycoside forms and the same was obtained for the anthraqui-
nones chrysophanol, emodin and physcion. P-coumaryl glycosides and
trigalloyl-glucose were also identified. The high relative abundance of
stilbenes and the absence of rhein confirmed the attribution to R. emodi

[83]. All the compounds were detected after ageing, although a relative
decrease in the glycosides and differences in the relative abundances of
most molecules were observed.

Turmeric (C. longa) composition has been widely studied and the
curcuminoid compounds characterised [84,85]. Curcumin, demethox-
ycurcumin and bisdemethoxycurcumin can be considered the three
markers for this dye, but the non-aged sample contained other triplets
of curcuminoids ([M-H]-=321, 351 and 381m/z, and [M-H]-=445,
475 and 505m/z) with much lower relative abundances [85]. These
compounds were not identified with certainty. Turmeric was the most
light-sensitive dye in this investigation and after ageing the colour was
almost completely gone. However, traces of curcumin, demethox-
ycurcumin and bisdemethoxycurcumin were still detected after ageing.

Saffron (C. sativus) and cape jasmine (G. jasminoides) both contain
carotenoids, among which crocin-related molecules are responsible for
the colour. Crocin A, B, C, E and F share the same crocetin skeleton but
have different number of glucose substituents [86]. In these analyses
crocin B (three glucose substituents) and crocin C (two glucose sub-
stituents) were identified in both saffron and cape jasmine samples, as
well as their formic acid adducts, the masses of their [M-H]- being
697.271 (C33H46O16) and 859.324 (C39H56O21) m/z. Two other uni-
dentified compounds ([M-H]-=510.187 and 533.188m/z) were de-
tected with high relative abundance in both saffron and cape jasmine
samples. Although the structure was not elucidated, the tandem mass
spectra revealed that these molecules are also crocetin derivatives, as
the fragment ion corresponding to the crocetin molecule (m/z 327.160
– C20H24O4) was present in both MS/MS spectra. Crocin A, pirocrocin
and crocetin, which are reported in other works [27,86], were not
identified. Saffron showed the presence of kaempferol glycosides and
kaempferol-3-sophoroside [87], which were not detected in the cape
jasmine sample. On the other hand, cape jasmine showed the presence
of some iridoid molecules, such as geniposide (formic acid adduct with
m/z 433.135), 6′-trans-sinapoyl geniposide, 6″-O-p-coumaroyl-genipin-
gentiobioside and 6′-O-trans-sinapoyl-genipin gentiobioside and some
phenolic acids, such as dicaffeoylquinic acid, 5-O-caffeoyl-4-O-sina-
poylquinic acid and 3,5-di-O-caffeoyl-4-O-(3-hydroxy-3-methyl)-glu-
taroylquinic acid [88]. These were not present in the saffron sample.
Geniposide, which was the most abundant peak in the chromatogram of
the cape jasmine sample before ageing, showed a drastic reduction after
ageing. All the other molecules were detected for both the saffron and
cape jasmine samples after ageing. The chromatographic profiles of
saffron and cape jasmine are shown in Fig. 7.

The coloured molecules of gamboge (G. hanburyi) are referred to as
caged xanthones. Forbesione, morelloflavone, morellic and isomorellic
acid, gambogenin and isogambogenin, hydroxygambogic acid, neo-
gambogic acid, hydroxyneogambogic acid, spicataside and morello-
flavone glucoside were detected in this sample [89,90]. S and R isomers
were generally present as separate peaks. A similar composition was
obtained for the aged sample.

Amur-cork tree (P. amurense), Japanese barberry (B. thunbergii) and
Chinese goldthread (C. chinensis) belong to the same class of dyes,
namely protoberberine dyes. They contain alkaloids, which do not io-
nise in negative mode, as they are positively charged due to the pre-
sence of a quaternary nitrogen atom. Therefore, these three samples
were only investigated in positive mode. They all contained berberine,
palmatine and jatrorrhizine among the most abundant components, but
Chinese goldthread was the only one containing coptisine, which can be
used as a marker for identification [91,92]. Japanese barberry has a

higher content of jatrorrhizine [91,93] and two unidentified com-
pounds were detected in these analyses. The masses of their [M-H]-

were 298.145 and 305.151m/z. The chromatogram of the amur-cork
tree sample was dominated by the berberine peak [91]. Many other
minor protoberberines were detected in these samples, including
magnoflorine, phellodendrine, magnocuranine, hydroxyberberine, hy-
droxypalmatine, etc [92,94]. After ageing the amur-cork tree sample
showed a significant reduction in berberine and jatrorrhizine, whereas
the other samples showed similar compositions. Fig. 8 reports the
chromatographic profiles of the three protoberberine dyes before
ageing, highlighting the different compositions.

The other dyes under investigation were all flavonoid-based dyes.
Smoketree contains sulfuretin, fisetin and fustin, that can be used as
markers for its identification [27,95], but butin, butein, quercetin and
taxifolin were also detected [95], as well as some gallic acid derivatives.
Pagoda tree buds contain quercetin and rutin as main flavonoids, but
kaempferol and isorhamnetin are present together with their rutino-
sides [27,96]. Silvergrass contains apigenin, luteolin and tricin together
with some of their C-pentosides, C-glycosides and diC-glycosides
[41,97], which makes this dye distinguishable from most of the other
yellows. Attention must be paid to the dye obtained from hairy join-
tgrass (Anthraxon hispidus), which has a similar composition and is re-
ported as an alternative grass source of yellow dye [29,41], however, a
reference for this dye was not available. Violet also contains apigenin
and luteolin C-glycosides and diC-glycosides [98], but not pentosides,
and aesculetin and euphorbetin are present as major components [99].
Symplocos was not used just to obtain yellow shades, but sometimes
also as an additive for mordanting/shading colours, as it is naturally
rich in aluminium. The composition obtained in these analyses was very
complex, with afzelechin, catechin, quercetin and isoquercitrin identi-
fied as the main flavonoids [100]. A series of not fully elucidated mo-
lecules were detected and these were likely to be ascribed to the sa-
ponines reported to be present in this plant [101].

Buckthorn and weld were also included in the set of reference dyes.
These sources of dyes are known to be quite common in the European
tradition [1]. Nevertheless, Rhamnus plants grow in China and are
mentioned as possible sources of yellow dyes [29,102]. The composi-
tion of the flavonoids extracted from the berries is slightly variable
depending on the species of the plant, but characteristic molecular
markers are present in most species. These are rhamnocitrin, rham-
netin, isorhamnetin, rhamnazin and all their rhamninosides (rham-
nosyl-rhamnosyl-galactosides) [103,104]. After ageing, the relative
abundance of the aglycones compared to glycosides increased, but all
molecules were detected. Weld is not a typical Chinese plant but there
are publications describing the detection of luteolin-based yellow dyes
in Chinese textiles with a very similar composition to weld [22,35,38].
In fact, luteolin, apigenin, chrysoeriol, their O-glycosides and di-O-
glycosides are the main components of weld [105] and this was in
agreement with the results obtained. Diglycosides are drastically re-
duced during ageing but the identification usually relies on both agly-
cones and glycosides.

There are at least two other important sources of yellow dyes from
Asia. The so-called desert poplar (Populus euphratica or Populus prui-

nosa) contains apigenin, luteolin and chrysoeriol similarly to weld, but
the glucuronides of these molecules are also reported as signature
markers for this dye source [35]. Larkspur (Delphinium semibarbatum)
contains kaempferol, quercetin and isorhamnetin glycosides as mole-
cular markers [2,42]. These two plants were not available in the set of
reference samples, but they are included in Table S1 (Supplementary
Information) using data from the literature for completeness of in-
formation [35,42].

3.2. Archaeological samples

The results obtained from the HPLC-MS analysis of the samples
taken from the archaeological textiles are summarised in Table 1, which
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also shows the level of information already achieved using FORS and
multispectral imaging [16]. Based on these non-invasive results, the
coloured areas to be sampled were selected, including unidentified
colours and dye sources to be confirmed more precisely.

3.2.1. Monochrome textiles

MAS.939 and MAS.954 were both bright red (Fig. S1, Supplemen-
tary Information). The presence of a plant-based red was suggested by
FORS for MAS.954, but inconclusive results were obtained non-in-
vasively for MAS.939 (Table 1). Sample analysis revealed the presence
of dyer's madder (R. tinctorum) in sample MAS.939 and a mixture of
Indian madder (R. cordifolia) and sappanwood for MAS.954. The
identification of dyer's madder was based on the detection of ruber-
ythric acid, lucidin primveroside and alizarin with high relative abun-
dances compared to the other anthraquinones, whereas Indian madder
was identified based on high relative abundances of rubiadin and
munjistin and the absence of alizarin [35,61]. Nevertheless, attention
must always be paid when trying to distinguish between different
madders in archaeological samples, as ageing, dyeing recipes and

overdyeing can affect the final composition of the dye. Surprisingly,
dyer's madder was also detected in all the purple samples (MAS.891,
900, 901, 902, 903 and 937) together with gromwell, which was al-
ready suggested from non-invasive analyses (Table 1). Another example
of gromwell mixed with a red dye (sappanwood) was found in the
purple colour of the Dunhuang embroidery “Sakyamuni preaching on
Vulture Peak” [22]. These mixtures might be deliberate to obtain a
certain shade of purple, but they could also highlight the fact either that
gromwell was an expensive dye or that dyeing with gromwell was not
easy, due to the poor water solubility of the colourant molecules.
Therefore, adding reds might have reduced the price and mitigated the
difficulty of the dyeing practice, and might be a signature for textiles
produced in Dunhuang.

Gromwell was also detected in MAS.869 and MAS.949, which had
brown colourations. In MAS.869 it was found mixed with both madder
and sappanwood and in MAS.949 it was found mixed with lac dye. The
identification of the lac dye in this case was not based on the detection
of laccaic acid A, but on the presence of many shellac markers. These, as
previously shown, can be used as markers of identification of lac dye by

Fig. 7. Extract ion chromatograms of the molecule detected by HPLC-ESI-Q-ToF analysis (negative mode) of a) saffron (C. sativus.) and b) cape jasmine (G. jas-
minoides).
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HPLC-MS [70], when the laccaic acids have degraded. The brownish
colours are consistent with an advanced degradation of gromwell,
which is known to turn brown after long exposure to light [16].

MAS.904 and MAS.951 exhibited an orange colour, which was
identified as safflower, as already suggested by the bright orange lu-
minescence observed in UV-induced luminescence images [16]. Car-
thamin, its degradation products and the unidentified compound with
m/z 582 were all identified, but differences were observed in their re-
lative abundances. Safflower was also identified in some of the yellow
textiles (MAS.936 and MAS.938). No safflower yellow components
were detected, thus indicating an original orange/pink colour of these
textiles, which has faded over time. Considering the differences in the
relative abundance of the four compounds detected, an interesting
trend was noticed, which appeared to be related to the fading of the
safflower dye. In fact, the relative abundance of carthamin compared to
its degradation products progressively decreases with the fading, as
clearly visible in Fig. 9 and in agreement with other studies [79,80].
With an appropriate dataset, these ratios can potentially be used to
establish the extent of the fading of this dye.

For the other yellow textiles (MAS.890, MAS.935 and MAS.942),

MAS.935 was the only one with a secure identification from the non-
invasive analysis, as the bright yellow luminescence in UV-induced
luminescence images had already suggested the presence of a proto-
berberine-based dye (Table 1). This was confirmed by the detection of
berberine, jatrorrhizine and hydroxyberberine, with berberine showing
the highest relative abundance. The almost complete absence of pal-
matine can be taken as an indication of the possible use of Phellodendron
chinense (Chinese cork tree) rather than Phellodendron amurense (amur-
cork tree) [91], as also observed in other studies [35]. MAS.942 was
dyed with pagoda tree buds, as suggested by the detection of rutin, and
MAS.890 was dyed with a mixture of smoketree and pagoda tree buds,
as fustin, sulfuretin, butin and butein were also found together with
rutin.

The presence of mixtures of dyes is very consistent in the results
obtained from the monochrome textiles. These mixtures cannot be ea-
sily picked up by FORS and multispectral imaging, especially in the case
of over-dyeing, as these techniques respond to the surface composition
of the fibres. Therefore, the extraction of dyes from samples is required
in order to obtain this detailed information. Over-dyeing was also
suggested by microscopical observations of the samples, where only one

Fig. 8. Extract ion chromatograms of the alkaloids detected by HPLC-ESI-Q-ToF analysis (positive mode) of a) amur-cork tree (P. amurense), b) Chinese goldthread
(C. chinensis) and c) Japanese barberry (B. thunbergii).
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colour was generally observed. Considering the use of these textiles as
fragments to produce banners and canopies as forms of patchwork [44],
it is reasonable to believe that they had been recycled and possibly re-
dyed during their lifetime to refresh the colour or change the hue.
Therefore, the mixtures detected are probably representative of

different phases/uses of these textiles, especially when two similar
colours (two reds or two yellows) are found on them.

3.2.2. Polychrome textiles

For MAS.865 (Fig. S2, Supplementary Information) one orange

Fig. 9. Extract ion chromatograms of red safflower components obtained by HPLC-ESI-Q-ToF analysis (negative mode) of a) MAS.936, b) MAS.938, c) MAS.904, d)
MAS.951, e) non-aged reference sample and f) aged reference sample, showing the correlation of the relative abundance of carthamin to the fading.
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sample was taken from the front of the textile together with a corre-
sponding red sample taken from the back. Both samples showed ur-
olithin C, brasilin, brasilein, sappanol and protosappanin B, D and E,
highlighting sappanwood as source of the red dye (Fig. 11d). This was
in disagreement with the results obtained non-invasively, as safflower
was suspected in this sample (although not clearly identified), because
of the orange luminescence observed. However, no trace of safflower
molecules was found. A yellow sample was also taken and this was the
only example of an unidentified yellow in these textiles. Luteolin-7-O-
glucoside and isoquercitrin (quercetin-3-O-glucoside) were identified
and two other unidentified molecules were detected, showing [M-H]-

with m/z 433.114 (C21H22O10) and m/z 449.109 (C21H22O11). The MS/
MS spectra enabled the partial identification of these compounds, as the
main fragment ions at 271.061 and 287.056m/z respectively indicated
the loss of a glucose molecule (162 u). These were therefore O-gluco-
sides of two molecules with formula C15H12O5 and C15H12O6 respec-
tively, probably trihydroxy- and tetrahydroxyflavones, but no further
interpretation can be achieved. Naringenin could be an option for the
former molecule [106], and this is mentioned as a possible marker for
the use of tangerine yellow from Citrus reticulata or Citrus tangerina

[34], but this was not confirmed by using a standard. Traces of some of
these molecules were found in the orange sample from MAS.865 and
the same unidentified source of yellow dye was found in the yellow and
orange (mixed with sappanwood) samples from MAS.873. Also in the
case of the orange sample from MAS.873, safflower was actually ex-
pected from the non-invasive analysis (Table 1), suggesting that a
mixture of sappanwood and this unidentified source of yellow could
produce a weak orange luminescence, which can be mistaken for saf-
flower. This will require further investigation and further highlights the
importance to use complementary techniques in such investigations.
Fig. 10 shows the chromatographic profile of the yellow sample from
MAS.865 and the MS/MS spectra of the two unidentified molecules.

Safflower had already been identified non-invasively in MAS.869

(Fig. S3, Supplementary Information), therefore yellow, green and
purple samples were taken. The dye from the pagoda tree buds was
identified in both the yellow and the green samples (mixed with in-
digo), by detecting rutin and isorhamnetin rutinoside. Gromwell was
identified in the purple sample, as shikonin, emodin and the three not
fully identified markers with m/z 205, 259 and 285 were detected. This
was the only example of pure gromwell in the entire set of purple
samples. Similar results were obtained for MAS.871 (Fig. 2a): safflower
was identified for the red and pink colours (high relative abundance of
carthamin indicated very good preservation), pagoda tree buds for the
yellow and green (mixed with indigo) colours, and gromwell was found
to be mixed with sappanwood to obtain the purple. MAS.872 (Fig. 2b)
was sampled for red (front and back), yellow and green. Sappanwood
was identified in the red (Fig. 11e) and larkspur in the yellow and green
(mixed with indigo), by detecting kaempferol-3-O-glucoside, quercetin-
3-O-glucoside and isorhamnetin-3-O-glucoside. As already mentioned,
the yellow from MAS.873 (Fig. S4, Supplementary Information) was not
identified (same as MAS.865). This yellow dye was also found mixed
with sappanwood in the orange colour, but larkspur was found mixed
with indigo to obtain green. This highlighted that yellow and green
colours are not always obtained from the same yellow dye, even within
the same textile.

MAS.906 (Fig. S5, Supplementary Information) and MAS.908 (Fig.
S6, Supplementary Information) were very difficult to sample, because
of the way they were woven (kesi technique). The non-invasive ap-
proach had already enabled a protoberberine-based dye to be identified
in some of the yellow areas of these textiles, as well as safflower,
gromwell and tannins [16]. However, a non-luminescent yellow was
present in MAS.906, as well as a green colour, which were possible to
sample. Pagoda tree dye was identified in the yellow, whereas the
identification of the yellow dye used to obtain the green was proble-
matic: luteolin, luteolin-7-O-glucoside, apigenin-7-O-glucuronide and
luteolin-7-O-glucuronide were identified, suggesting the presence of the

Fig. 10. Extract ion chromatograms of the molecules detected by HPLC-ESI-Q-ToF analysis (negative mode) in the yellow sample from MAS.865. Insets: MS/MS
spectra of the two unidentified molecules with a) m/z 433.114 (C21H22O10) and b) m/z 449.109 (C21H22O11). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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desert poplar dye. However, the chrysoeriol-7-O-glucuronide, which is
another main component of this dye, was not detected. An isomer of
this molecule with [M-H]-=475.088m/z was detected instead, and its
mass spectrum indicated that this was a C-glucoside, as suggested by

the fragment ions corresponding to [M-H-90]- and [M-H-120]- [41], but
no indication about the aglycone molecule was obtained from the
spectrum. In addition, orientin (luteolin-8-C-glucoside) was also de-
tected. Orientin and luteolin-7-O-glucuronide are the main compounds

Fig. 11. Extract ion chromatograms of the main sappanwood components obtained by HPLC-ESI-Q-ToF analysis (negative mode) of a) reference sample dyed at
neutral pH, b) aged reference sample dyed at neutral pH, c) reference sample dyed at alkaline pH, d) MAS.865 (red), e) MAS.872 (orange), f) MAS.908 (pink) and g)

MAS.922 (bright red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of the extracts from Vitex negundo [107]. As reference samples of desert
poplar and Vitex negundo were not available, it is difficult to establish
which of these sources was used. A mixture of the two is also possible.
The same results were obtained for the green sample in MAS.924. The
research done to interpret these complex results also enabled the desert
poplar dye to be identified in the Dunhuang embroidery “Sakyamuni
preaching on Vulture Peak”, as apigenin-7-O-glucuronide, luteolin-7-O-
glucuronide and chrysoeriol-7-O-glucuronide were identified in a
yellow area, but not connected to a specific dye source at the time of the
analyses [22].

The pinkish background colour of MAS.908 was also sampled and
found to be sappanwood, most likely with a high incidence of fading
(Fig. 11f).

For MAS.920 (Fig. S7, Supplementary Information) only the yellow
colour was sampled; the pink being already identified as safflower.
Weld was identified as possible source of this yellow, as apigenin, lu-
teolin and chrysoeriol were identified, as well as some of their glyco-
sides, but none of the glucuronides, which would have pointed towards
the desert poplar dye being present. Moreover, two luteolin-derivative
molecules (m/z 313.035) were also detected in this sample. These
molecules have been recently detected in other works related to
Egyptian textiles [15,69] and they are hypothesised to be markers of a
different variety of weld or dyeing process used. In fact, weld is not a
native plant either of Egypt or China.

For MAS.922 (Fig. S8, Supplementary Information) the bright red of
the petals was sampled, as this was not clearly identified by FORS, and
sappanwood was identified, by detecting sappanol, brasilin, brasilein,
urolithin C, protosappanins D and E (Fig. 11g). In a similar way to what
obtained from the samples containing safflower, a certain trend was
observed in the samples containing sappanwood, as shown in Fig. 11.
The chromatographic profiles of the most saturated reds (MAS.865 and
MAS.922) showed several of the sappanwood components, whereas the
faded ones tended mainly to show the presence of brasilin and urolithin
C. Nevertheless, for all the archaeological samples urolithin C was the
most abundant compound, which was not in agreement with the sap-
panwood reference sample after artificial ageing, for which other
compounds were still more abundant. As already mentioned in section
3.1.2, the formation/presence of urolithin C is not fully understood, but
fading and exposure to light do not appear to be the only processes
involved according to these results.

The yellow from the back of MAS.922 was also sampled and saffron
was identified, by detecting kaempferol-O-glucoside, the unidentified
marker with m/z 533, crocin B, crocin C and their formic acid adducts.
It was interesting to have an example of the other carotenoid-based dye
cape jasmine and confirm the possibility to distinguish it from saffron.
In fact, cape jasmine was identified in the yellow area of MAS.929 (Fig.
S1, Supplementary Information) and, in addition to the unidentified
marker with m/z 533, crocin C and its formic acid adduct, some of the
iridoids present in the cape jasmine and not present in saffron were
detected, such as the formic acid adduct of geniposide, 5-O-caffeoyl-4-
O-sinapoylquinic acid and 3,5-di-O-caffeoyl-4-O-(3-hydroxy-3-methyl)-
glutaroylquinic acid. This proves that these two sources of dyes can be
distinguished even in archaeological samples.

MAS.924 (Fig. S9, Supplementary Information) showed yellow,
green, greyish/beige and blue stripes. The non-invasive approach was
only useful for identifying the indigo. Therefore, samples were taken
and yellow was found to be obtained from the pagoda tree buds.
However, urolithin C was also identified, probably suggesting the ori-
ginal presence of sappanwood and of a more orange colour faded over
time. Urolithin C was also found in the greyish/beige sample together
with fisetin, suggesting a mixture of sappanwood and smoketree, which
has undergone a high extent of degradation and fading. The green
sample contained the desert poplar and/or the Vitex negundo dye and
indigo. Interestingly, three different sources of yellow were used to
obtain three colours in the same textile and they were all mixed with
different dyes.

3.2.3. Embroidered textiles

MAS.911 (Fig. S10, Supplementary Information) was virtually im-
possible to sample without damaging the fine embroidery. Non-invasive
analyses already allowed the identification of a protoberberine-based
yellow mixed with indigo in the green areas and safflower in the
pinkish areas [16]. A sample of the brown ground silk was taken from a
loose edge and this turned out to consist of an interesting mixture of
madder and a source of condensed tannins, as suggested by the pre-
sence of poorly-resolved peaks, showing clusters of m/z values around
700–800 m/z [108]. In MAS.915 (Fig. S11, Supplementary Information)
safflower had been identified in the pink areas and a protoberberine-
based yellow mixed with indigo in the green areas [16]. However, the
samples of both the light and dark greens that could be taken were the
only examples of Japanese barberry (B. thunbergii) in these textiles. The
identification was based on the relatively high abundance of jatror-
rhizine with comparison to berberine and the detection of the uni-
dentified markers with m/z 298 and 305, which were also present in the
reference sample. A sample of the red was also taken and dyer's madder
was identified, as suggested by the presence of high alizarin, nordam-
nacanthal and ruberythric acid.

Unlike MAS.911, MAS.1130 (Fig. S12, Supplementary Information)
provided opportunity for several samples to be taken. Two different
sources of yellows were detected: Chinese cork tree and desert poplar,
both also mixed with indigo in some green areas. A few pink areas were
found to be obtained using lac dye with good preservation state, as
indicated by the detection of all laccaic acids. Brownish areas were
obtained by mixing madder (probably R. cordifolia) with a source of
tannins. Madder was also identified in a bright red area and in the
purple areas mixed with indigo. This is the only example of obtaining
purple with madder and indigo instead of gromwell among these tex-
tiles, providing an interesting insight into wide range of dyeing tech-
niques available, some of them probably imported from Mediterranean
regions, as mixing madder and indigo is known to be common practice
in the production of Roman and Egyptian textiles [15].

4. Conclusions

This work provides a database of mass spectrometric features of
molecules to be used for the identification of a wide range of Asian dyes
in archaeological textiles. The database was successfully exploited for
the dye analysis of more than thirty Chinese textiles from Dunhuang
(7th-10th century AD) in the British Museum's collection. This re-
presents an important resource for HPLC-MS users with high applic-
ability not only to Asian colourants but also to dyes from other geo-
graphical areas.

The analyses performed before and after ageing were useful in terms
of understanding the chemical changes of the most light-sensitive dyes.
In fact, the identification of safflower and sappanwood in some ar-
chaeological samples was possible only thanks to the detection of de-
gradation products and/or minor components, in agreement with the
results obtained on the aged reference samples.

When compared and integrated with the results obtained by a non-
invasive approach (microscopy, multispectral imaging and FORS) on
the same textiles [16], this paper highlights the delineation of an
analytical protocol that can be used on any kind of textiles, if the ap-
propriate reference materials are available. Sampling is fundamental in
some cases, in particular for yellow dyes different from protoberberine-
based ones, as these cannot be identified non-invasively, but they were
successfully characterised here by HPLC-MS. A retrospective look at the
multispectral imaging results also highlighted that most of the yellow
areas exhibiting an olive-coloured UV-luminescence were dyed with the
pagoda-tree bud, suggesting that this olive luminescence can be in-
dicative of the presence of pagoda tree yellow. On the other hand,
HPLC-MS results were not in agreement with the non-invasive results in
two cases. In fact, a mixture of sappanwood and an unidentified source
of yellow appeared to produce an orange UV-luminescence and a FORS
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spectrum that can be mistaken for safflower. This further highlights the
importance to use complementary techniques whenever possible.

Furthermore, mixtures are sometimes difficult to be discerned non-
invasively, especially when they are composed of similarly coloured
dyes. Such mixtures were detected in many of the monochrome textiles,
highlighting the fact that these textiles had been probably recycled and
therefore probably re-dyed during the time they had been used.
Gromwell was also found mixed with sappanwood, madder and even
with lac dye in most of the purple samples and this pointed towards
possible attempts of reducing the cost of the dyeing or overcoming
difficulties during the dyeing process.

Most of the dye sources (smoketree, padoga tree, Chinese cork tree,
larkspur, saffron, desert poplar, cape jasmine, Japanese barberry, saf-
flower, dyer's madder, Indian madder, sappanwood, gromwell, Indian
lac and Chinese sumac) were in accordance with the palette of dyes
generally used in the Dunhuang area in this period [29], although some
of these dye sources have also been identified in textiles from Ningxia
and Xinjiang [34,35,38], showing their use in other parts of China. An
example of a weld-like dye pointed towards some possible western
sources being used as well. This work also highlights that the dyes were
applied in many different ways, which suggests that dyers were ex-
perimenting in this period and they adopted techniques not necessarily
typical of Asia (for example the mixtures of madder and indigo to ob-
tain purple). These aspects underlined exchange of knowledge and
maybe materials (for example weld or a similar plant) along the Silk
Road, not only in the direction of Chinese export but also import be-
tween the 7th and 10th century AD. Further research expanding the
number of textile samples from this and other areas along the Silk Road
would help to shed further light on these aspects.
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