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Abstract
‘Sakyamuni preaching on Vulture Peak’ is one of the largest known Chinese silk embroideries thought to date to the eighth
century, under the Tang dynasty (618–907). It was found at the cave temple site of Qian Fo Dong, near Dunhuang, one of the
most famous archaeological sites in China, and is now in the British Museum (BM). Scanning electron microscopy (SEM) was
used to investigate the state of degradation of the original and restoration fibres, which appeared very brittle in many areas.
Energy dispersive X-ray (EDX) spectrometry was undertaken to give an indication of the mordants. Although the results were
difficult to interpret due to elemental contamination, some indications were obtained regarding aluminium and iron mordants on
the silk embroidery. Selected dyed threads were sampled and analysed using high pressure liquid chromatography coupled with
mass spectrometry (HPLC-MS). The samples were representative of the entire dye palette used. In some of the areas that are now
demonstrated to be extremely faded, safflower (Carthamus tinctorius) was identified. More than one source of indigotin was
probably used for the blues, and the greens were obtained by mixing these with at least two sources of yellow dyes: a berberine-
and a luteolin-based dye. Browns were tannin-based. Two sources of reds were also present: a plant of the Rubiaceae family and a
currently unknown red source. The presence of shikonin, probably from gromwell (Lithospermum erythrorhizon), was revealed
in a purple stripe inmixture with sappanwoodCaesalpinia sappan (Biancaea sappan) to obtain a particular hue. Other molecular
components were often present with the main dyes and tandem mass spectra were acquired in an attempt to elucidate their
structures and discuss the possible reasons for their presence. This work represents an important addition to the current knowl-
edge about Chinese dyes and available mass spectral data for the identification of dye sources in archaeological textiles from the
Silk Road.
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Introduction

The ‘Sakyamuni preaching on Vulture Peak’ embroidery, re-
ferred to as ‘Vulture Peak’, was found at the cave temple site
of Qian Fo Dong, near Dunhuang, on the edge of the Gobi

desert in western China. Historically, this was an important
hub of cultural, religious and commercial exchange on the
network of trade routes known as the Silk Road. The caves
were in active use as Buddhist temples from the fourth century
until they were largely abandoned in the fourteenth century
and represent one of the most famous archaeological sites in
China (Cave Temples of Dunhuang: Buddhist Art on China’s
Silk Road 2016; Fan and Yongzeng 2007; Stein 1912).

The ‘Vulture Peak’ embroidery was recovered in 1900
from Cave 17, known as the Hidden Library Cave, by the
abbot of the temples, Wang Yuanlu. The cave had been sealed
with plaster and, when opened, was found to contain thou-
sands of scrolls, manuscripts and textiles. Dating of the most
recent manuscripts suggests that the cave had been sealed in
the eleventh century. Therefore, the contents had remained
undisturbed for at least 800 years. The conditions of the cave
proved ideal for preserving the ancient textiles stored inside,
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including the ‘Vulture Peak’ embroidery, thought to date to
the eighth century or earlier. The textile was probably used as
a devotional panel in the cave temples over a substantial peri-
od of time, and may have been made at the site. The embroi-
dery is worked in silk floss thread in many different colours,
which are still vibrant today despite evidence of fading
(Fig. 1).

The panel is a rare surviving example of a large well-
preserved eighth century embroidery, and therefore provides
an extremely valuable insight into ancient Chinese textile pro-
duction, dyeing and trade (Cave Temples of Dunhuang:
Buddhist Art on China’s Silk Road 2016; Fan and Yongzeng
2007; Stein 1912). For this reason, the main aim of this work
was to characterise the dyes used to obtain such a broad palette
of colours, which are extremely rarely found on a single textile
of this age, as well as to acquire information on the mordants
and on fibre degradation.

Several publications have described conservation and sci-
entific work undertaken in Dunhuang and related archaeolog-
ical sites (Cave Temples of Dunhuang: Buddhist Art on
China’s Silk Road 2016; Cave Temples of Mogao at
Dunhuang: Art and History on the Silk Road 2015;
Conservation of Ancient Sites on the Silk Road 1997;
Conservation of Ancient Sites on the Silk Road 2010; The
Conservation of Cave 85 at the Mogao Grottoes, Dunhuang
2013). These mainly focused on the study of the materials
used to produce the outstanding mural paintings in the caves
in order to preserve them. Few scientific studies have covered
the textiles, which remain relatively poorly investigated.

However, the relevant Dunhuang textiles present in UK col-
lections (British Museum, British Library and Victoria and
Albert Museum) have been beautifully catalogued and de-
scribed (Feng 2007).

Nevertheless, information on Asian colourants is relatively
limited in Western literature. Combining information from
various sources, including ancient texts, around 40 plants are
listed among the most common raw materials for dyeing blue,
red, yellow and brown in ancient China (De Luca et al. 2016;
Grzywacz et al. 2004; Han et al. 2017; Laursen et al. 2015).
However, investigations on ancient Chinese textiles from dif-
ferent periods often report the detection of unknown dyes,
showing the need for further research in this field and
highlighting the lack of reference material (Jolly et al. 2017;
Karpova et al. 2016; Zhang et al. 2007; Zhang et al. 2008).

Non-destructive surface techniques, such as TOF-SIMS,
SERS, FTIR, fluorescence and UV-Vis reflectance spectros-
copy have been applied to the identification of a limited num-
ber of Asian colourants (De Luca et al. 2016; Lee et al. 2013;
Nakamura et al. 2009; Sasaki and Sasaki 2017), but high
pressure liquid chromatography (HPLC) coupled with UV/
Vis detectors (PDA) (De Luca et al. 2016; Gibbs et al. 1997;
Jolly et al. 2017; Karpova et al. 2016; Mouri and Laursen
2011; Sasaki and Sasaki 2013; Zhang et al. 2007; Zhang
et al. 2008; Zhang et al. 2017) and/or mass spectrometry
(HPLC-MS) (Degano et al. 2009; Pauk et al. 2014;
Rosenberg 2008) is the state of the art technique to identify
dyes in ancient textiles. HPLC-MS has been seldom used with
application to Chinese dyes (Han et al. 2017; Laursen et al.
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Fig. 1 ‘Sakyamuni preaching on
Vulture Peak’ (dimensions
167 × 249 cm), showing the
sampling positions. D and F refer
to samples taken for dye analysis
and fibre characterisation,
respectively. © The Trustees of
the British Museum
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2015; Zhang et al. 2017); therefore, MS data for identification
are not easily available. The extraction of the dye molecules
from the fibres is also a crucial step in this type of analysis.
Today, scholars and researchers agree that mild extraction
procedures, avoiding strong acids such as HCl, have to be
adopted in the first instance, as these enable informative gly-
cosidic bonds and sensitive molecules to be preserved
(Degano and La Nasa 2016; Gulmini et al. 2016; Lombardi
et al. 2016; Manhita et al. 2011; Mouri and Laursen 2012;
Pauk et al. 2014).

This work provides a detailed analysis of the dye palette of
the ‘Vulture Peak’ embroidery by HPLC-MS, thus providing
new insights into the use of organic colourants in Tang dynas-
ty China and increasing the database of MS/MS spectra of
molecular markers useful for the identification of Asian dye-
ing plants. The study is complemented by the analysis of
mordants by SEM-EDX and, for the purposes of informing
the conservation, the assessment of the degradation state of
fibres by SEM, as well as by the description of the conserva-
tion work undertaken.

Materials and methods

Sakyamuni preaching on Vulture Peak

The textile is a large Buddhist embroidered panel depicting
the standing figure of Buddha Sakyamuni preaching on
Vulture Peak, attended by bodhisattvas and disciples on either
side (Fig. 1). It also depicts apsaras flying overhead, attendant
lions and small donor figures on either side of a dedicatory
panel below. The entire panel measures approximately
167 × 249 cm, and is thought to date to the eighth century
(Tang dynasty, 618–907 AD). The dating is based on stylistic
evidence, as no radiocarbon dating was performed. However,
recent studies of some writings present on the object revealed
a reference to the Mogao Grottoes that was in use only until
the end of the seventh century. Chronologically this would
place the panel more towards the beginning of the Tang dy-
nasty, but further studies are needed to provide certain attribu-
tion. The design comprises extensive embroidery closely
worked in silk floss of numerous colours, stitched through a
silk ground and hemp backing. It has two large areas of loss
already present when the embroidery was found. Original
patch repairs and evidence of different stages of stitching sug-
gest that the embroidery had been repaired during its period of
use before being sealed in the Hidden Library Cave of Qian Fo
Dong in the eleventh century.

The embroidery was brought to the British Museum in
1908 by Sir Aurel Stein after his second expedition to Qian
Fo Dong (Stein 1912). The embroidery was restored at the
Royal School of Needlework by Miss E. A. Winter, probably
in 1912. This restoration treatment involved stitching the

panel to a linen backing fabric, which was then attached to a
large wooden crossbar stretcher.

Conservation work was carried out in 2017 in order to
stabilise the embroidery for storage and loan. The earlier res-
toration had now begun to fail, leaving the embroidery at risk
of further damage. Therefore, the decision was made to re-
move the previous restoration and stretcher and replace it with
a new conservation treatment and mounting system. The pro-
ject provided a unique chance to sample and analyse the tex-
tile, particularly when the removal of the previous restoration
backing permitted brief access to the reverse of the original
panel.

Visual examinations

Theconservation teamcarriedout avisual examinationof the
panel under UV light, using a UV Hand Luminaires (CLE
Design Ltd.) in order to obtain preliminary information on
the fluorescence of the dyes through observation and map-
ping of the threads (Fig. 2). This preliminary examination
revealed some differences between dyed threads that had
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Fig. 2 Details of examination under UV light performed on the backing
of the embroidery. A strong yellow fluorescence (both top and bottom)
was observed for some yellow threads but not for others. An orange
fluorescence (bottom) was observed on other areas. These types of
fluorescence are consistent with berberine-type and safflower dyes,
respectively. Images: H. Vickers and M. Pullan © The Trustees of the
British Museum
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appeared the same under normal light and also suggested the
presence of dyes no longer visible to the naked eye due to
fading. This was also important to guide the sampling and
reconstruct the distribution of certain colours on the original
panel.

Sampling

Samples (ca. 3 mm) were taken with the aim to include the
whole palette of dyes and all the types of fibres present. The
mass of the samples ranged from ca. 50 to ca. 150 μg.

Fifteeen tiny samples (‘F’ suffix) were taken mainly from
the edges of the front of the embroidery for fibre characteri-
sation and evaluation of their state of degradation. Twenty-
five samples (‘D’ suffix) were taken with particular attention
to dye and mordant analyses.

Eighteen ‘D’ samples were taken from the front of the
panel. This sampling allowed access to a limited number of
colours, such as blues, greens, yellows, browns and one of the
two reds. When the textile was turned to replace its backing,
the rear of the embroidery became accessible, as did all the
remaining colours. Seven samples were then taken from the
back, including the red and the purple from the robe of the
central figure and the pink from the halo. The pink colour was
not clearly visible from the front of the panel, as it almost
completely faded. However, it appeared vibrant in some areas
of the back, particularly one of the stripes in the halo of the
Buddha and other details from the garments and the flower
(Fig. S1, Supplementary material). Some of these samples
actually represented the knots constituting the end of the em-
broidery threads, which had become detached naturally from
the textile.

The sampling locations for all the samples are shown in
Fig. 1. A description and some optical microscopy images of
the samples are present in Table 1.

SEM-EDX

Scanning electron microscopy (SEM) was used to investigate
all the samples from the ‘F’ series for fibre characterisation
and assessment of their state of degradation in order to answer
specific conservation questions.

Each sample was placed uncoated on an adhesive carbon
disc mounted onto an aluminium SEM stub; no other sample
preparation was undertaken. Examination of the samples and
comparative reference specimens was undertaken in the VP
SEM (Hitachi S-3700N) using the backscatter electron (BSE)
detector mostly at 16 kV but sometimes also at 12 kV, depend-
ing on the sample. Magnifications ranged from ×20 to ×750.
The preferred working distance was c.12 mm, but extended
from 7 to 19 mm (as required). The SEM chamber was only
partially evacuated (mostly 40 Pa, sometimes 30 Pa). With the
BSE detector, 3D mode (rather than compositional) was

preferentially selected to maximise the opportunity to reveal
diagnostic features for identification as well as traces of deg-
radation, wear, abrasion or particulate matter (see Fig. 4a).

The EDX detector was used to analyse some of the samples
from the ‘D’ series representative of the majority of the col-
ours. In particular, samples 6D (blue), 17D (yellow), 18D
(brown), 19D (red), 20D (pink), 22D (green), 23D (red) and
25D (purple) were analysed. In the case of these samples,
single fibres were isolated from the bigger samples shown in
Table 1 and placed on an SEM stub. The instrumental param-
eters used for observation were the same as described above,
except for the working distance, which was kept at 10 mm,
which is optimal for EDX analysis. EDX spectra were ac-
quired for 1 min in the energy range 0–20 eVand with number
of channels 2048. AZtecEnergy analysis software (Oxford
Instruments) was used to process the data.

HPLC-DAD-ESI-Q-ToF

A mild extraction procedure was adopted to extract the dyes:
the samples were put in 2 mL vials, admixed with 200 μL
DMSO and heated at 80 °C for 10 min. After centrifugation,
the supernatant was transferred into another vial. The residue
was admixed with 200 μL of methanol/acetone/water/0.5 M
oxalic acid 30:30:40:1 (v/v/v/v) and heated at 80 °C for
15 min. The solution was evaporated under N2 and
reconstituted using 200 μL of MeOH/H2O 1:1 (v/v). The
DMSO extract was combined with the oxalic acid extract
and the solution was centrifuged for 10 min. The supernatant
was transferred to a fresh 250 μL insert and 5–10 μL of the
solution were injected into the HPLC system. The extraction
procedure was optimised in the framework of the
CHARISMA project (2009–2014) funded by the European
Union FP 7 Research Infrastructures programme
(CHARISMA Grant Agreement no. 228330) and has proven
its suitability for the analysis of organic colourants in both
dyes (Han et al. 2017) and pigments formulations (Dyer and
Tamburini 2017; Tamburini et al. 2018). The successful use of
oxalic acid is also reported in slightly different methods
(Mouri and Laursen 2012; Santos et al. 2015).

Analyses were carried out using a 1260 Infinity
HPLC (Ag i l en t Techno log i e s ) , c oup l ed to a
Quadrupole-Time of Flight tandem mass spectrometer
6530 Infinity Q-ToF detector (Agilent Technologies) by
a Jet Stream ESI interface (Agilent Technologies). The
HPLC conditions were Zorbax Extend-C18 column
(2.1 mm ⨯ 50 mm, 1.8-μm particle size); 0.4 mL/min
flow rate; 5 μL injection volume for MS experiments
and 10 μL for MSMS experiments; 40 °C column
temperature. Separation was achieved using a gradient
of water with 0.1% formic acid (eluent A) and aceto-
nitrile with 0.1% formic acid (eluent B). The elution
gradient was programmed as follows: initial conditions
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Table 1 List and description of the samples analysed, including some optical microscopy images obtained at ×80 magnification
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Sample Colour Description Image 

Samples for fibre analysis (F series)

1F Original hemp (layer 1)

2F Ground silk weft 

3F Original hemp (layer 2)

4F Original hemp (patch)

5F Ground silk warp

6F Light blue Floss silk

7F Orange 1900s restoration thread

8F Beige 1900s restoration silk

9F Dark blue Silk embroidery thread

10F Edge of 1900s restoration stitch

11F Dark brown          Original outline thread

12F Original fluffy thread at bottom

13F Cream Original silk

14F

15F

Cream Original silk

Linen 1900s restoration backing

Samples for dye/mordant analysis (D series)

1D Pale yellow
Forehead of partially missing 

figure on left hand side
Not available 

2D Pale yellow

Lightest coloured stripe of halo 

of partially missing figure on left 

hand side

3D Aqua

Halo of partially missing figure 

on left hand side. Subsequently 

combined with sample 5D.

4D Dark blue 
Halo of partially missing figure 

on left hand side.

5D Aqua
Halo of partially missing figure 

on left hand side. Subsequently 
Not available

Author's personal copy



Table 1 (continued)
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combined with sample 3D.

6D Dark blue 
Halo of the partially missing 

figure on the left hand side.

7D Yellow 

Darkest yellow stripe of halo of 

partially missing figure on left 

hand side.

8D Creamy yellow

Halo of partially missing figure 

on left hand side (the stripe was 

slightly lighter for sample 7D)

9D Pale yellow
Face of partially missing figure 

on left hand side.

10D Pale yellow
Neck of partially missing figure 

on left hand side.

11D Red/orange
Sash of first figure on left hand 

side.

12D Light brown

Dark area probably representing 

part of missing robe of second 

figure on left hand side.

Author's personal copy



Table 1 (continued)
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13D Brown 
Outline of the rocks/waterfalls 

surrounding the Buddha.

14D Light pink
One of the veils of the apsara in 

top left corner.

15D Yellow 

One of the decorative waves 

surrounding the apsara in top 

left corner.

16D Light pink 
Lips of partially missing figure 

on right hand side.

17D Yellow 
Robe of partially missing figure 

on right hand side.

18D Brown 

Hair of one of the sitting figures 

in the bottom corner (right hand 

side).

19D Red
Robe of the Buddha (knot from 

back of textile).

20D Pink 
One of the stripes of halo of the 

Buddha (back of the textile).

Author's personal copy



95% A, followed by a linear gradient to 100% B in
10 min, and held for 2 min. Re-equilibration time for
each analysis was 10 min. The ESI operating condi-
tions were: drying gas N2 (purity > 98%) at 350 °C
and 10 L/min; capillary voltage 4.0 kV; nebuliser gas
40 psig and sheath gas N2 (purity > 98%) at 375 °C
and 11 L/min.

High-resolution MS and MS/MS spectra were acquired in
negative mode in the range 100–1700 m/z. The fragmentor was
kept at 150V, nozzle voltage 1000V, skimmer 65V, octapole RF
750 V. For the MS/MS experiments, different voltages 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 collected by targeted MS/MS acquisition with an
MS scan rate of 1.0 spectra/s and a MS/MS scan rate of 1.0

spectra/s. MassHunter®Workstation Software was used to carry
out mass spectrometer control, data acquisition and data analysis.

The identification of the molecules in the samples was
based on the comparison of the retention times and MS/MS
spectra of reference molecules present in the BM database.
When a reference molecule was not available, literature data
were used (Degano et al. 2009; Han et al. 2017; Rosenberg
2008). In the case of unknown molecules, MS/MS spectra
were acquired and discussion on possible structures is
provided.

Chemicals and reagents

Dimethylsulphoxide (DMSO) (VWR, AnalaR NORMAPUR,
purity > 99.5%), acetone (Fisher Chemical, pesticide residue
grade, purity > 99.8%), oxalic acid dihydrate (VWR, AnalaR

Table 1 (continued)
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21D Green 

One of the veils of the small 

figure in the top left corner (knot 

from back of textile).

22D Dark green 

One of the decorative waves 

surrounding the apsara in the 

top left corner (back of the 

textile).

23D Red/orange
Sash of first figure on left hand 

side (back of textile).

24D Light green 

Upper part of robe of first figure 

on left hand side (back of 

textile).

25D Purple 

Stripe in robe of the Buddha 

(knot from back of textile). Only 

area where this colour is 

present

Author's personal copy



NORMAPUR, purity > 99.5%), methanol (Sigma Aldrich,
HPLC grade, purity ≥ 99.9%), acetonitrile (VWR, HiPerSolv
CHROMANORM, HPLC grade, purity ≥ 99.9%) and formic
acid (Sigma Aldrich, eluent additive for LC-MS, purity 98–

100%) were used as received. Water was used after purification
by the PURELAB® Option-Q system.

Vials, inserts and pipette tips were all one-time use items, in
order to prevent contamination.

Archaeol Anthropol Sci (2019) 11:1221–1239 1229

Fig. 4 VP SEM images of silk fibres of a sample 2F from the original
embroidery, showing very brittle silk threads; b sample 14F from the
original embroidery (cream rock) showing silk threads in better
condition; c sample 6F from light blue embroidery, showing rather

worn silk threads with much particulate matter and fragmentation in
long lengths; d sample 11F from brown rocks area of embroidery,
showing highly degraded, fragmented and brittle silk threads. Images:
C.R. Cartwright © The Trustees of the British Museum

Fig. 3 VP SEM images of a hemp (Cannabis sativa) fibres (sample 1F), forming the original backing and b flax (Linum usitatissimum) fibres (sample
15F) from the restoration backing. Images: C.R. Cartwright © The Trustees of the British Museum

Author's personal copy



Results

Fibre characterisation

In order to inform the conservation process, VP SEM identi-
fication was undertaken of fibre samples from (a) the original
backing and patch lining and (b) the restoration backing (ca.
1912); these were confirmed to be (a) hemp (Cannabis sativa)
(Fig. 3a) and (b) linen (Linum usitatissimum, flax)
(Fig. 3b). The flax fibres showed several signs of deg-
radation, mainly in the form of transverse cracks and
fragmentation at dislocations. This confirmed the need
to replace the restoration backing.

The principal fibre used for the embroidery was confirmed
to be silk, but the condition of the silk threads varied consid-
erably in different parts of the object. Sample 2F, ground silk,
shows very brittle fibres (Fig. 4a), whereas sample 14F, from
cream rock embroidery, shows the silk in better condition
(Fig. 4b). Sample 6F, from light blue embroidery, displays
rather worn silk threads with considerable particulate matter
(Fig. 4c). In a similar way to sample 9F, from dark blue em-
broidery, this sample shows a tendency for the silk fibres to
fragment in long lengths, but the condition of each silk fibre is
not in an advanced state of degradation, unlike sample 11F
from the brown rocks, which is both highly degraded,
fragmented and brittle (Fig. 4d).

1230 Archaeol Anthropol Sci (2019) 11:1221–1239

Fig. 6 Extract ion
chromatographic profiles
obtained by HPLC-ESI-Q-ToF
analysis of samples a 18D
(brown, negative ionisation
mode), b 4D (blue, positive
ionisation mode) and c 6D
(blue, positive ionisation mode).
© The Trustees of the British
Museum

Fig. 5 SEM images of fibres from samples showing a 22D, a
contaminated area, b 25D, an alum-mordanted fibre and c 18D, an iron-
mordanted fibre. The areas were EDX spectra were acquired are shown as

red squares. The EDX spectra are reported under the corresponding
image. © The Trustees of the British Museum
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Mordant analysis

Most of the fibres analysed appeared partially covered by
particles of dust or sand. The EDX spectra recorded on the
particles revealed the presence of several elements, such as Al,
Si, Fe, Ca, K, Cl, S, Mg, P and Na (Fig. 5a).

The investigation of mordants in archaeological textiles is a
complicated subject, as elemental contamination makes the
interpretation of the results difficult. In particular, the presence
of Fe and Al as contaminants sometimes prevents conclusive
information from being obtained, as these are the only marker
elements for the detection of alum- and iron-mordanting pro-
cesses. However, in our case, some less contaminated areas of
the fibres were identified and it was possible to record spectra
in these areas (Fig. 5b). Although contamination was still
present, the relative abundances of the peaks corresponding
to certain elements were used to identify the presence of mor-
dants, in agreement with some guidelines described in the
literature (Koestler et al. 1985; Rodríguez et al. 2013). In
particular, the ratio between the heights of Al and Si signals
was approximately 0.5 in all the clearly contaminated areas,
whereas it was above 1 in some ‘clear’ areas, as shown in
Fig. 5a, b, respectively. When this occurs, the fibre can be
considered alum-mordanted (Koestler et al. 1985; Rodríguez
et al. 2013). This was observed for samples 25D (purple), 23D
(red) and 19D (red).

Indications of iron-mordanting were only found in sample
18D (brown) (Fig. 5c), as the abundance of Fe was generally
much higher than observed in the contaminating particles.
This was consistent with the colour and particularly poor pres-
ervation state of these fibres, as Fe is known to accelerate fibre
degradation (Kohara et al. 2000).

Samples 22D (green), 20D (pink), 17D (yellow) and 4D
(blue) appeared not to contain mordants, suggesting the use of
direct and/or vat dyes.

Dye analysis

Brown

Three brown samples were analysed (12D, 13D and 18D) and
the same chromatographic profiles were obtained, as shown in
Fig. 6a.

Ellagic acid was identified as the most abundant com-
pound. This molecule is a marker for tannin-based dyes. As
it is sometimes the case in archaeological textiles, no other
tannin-derived molecules were detected, making it impossible
to identify the exact botanical source of the tannins used,
although the literature reports the use of acorn cup (Quercus
acutissima) as one of the most common sources to obtain
browns (Han et al. 2017). 4-Hydroxybenzoic acid and 2-
hydroxybenzoic acid were also identified. These compounds
are sometimes identified as degradation products of tannins

(Degano et al. 2011). However, in this case, they were present
in all the samples analysed. Hydroxybenzoic acids are also
reported to be degradation products of silk (Degano et al.
2011), this conclusion being more likely considering the poor
preservation state of the silk embroidery threads.

Blues

Two dark blue samples (4D and 6D) with slightly different
shades were analysed. Indigo (as a general term) is always the
source of blue colours in naturally dyed textiles (Cardon 2007;
Puchalska et al. 2004; Rosenberg 2008), and isatin, indigotin
and indirubin are usually found as the main dye components
(Han et al. 2017; Puchalska et al. 2004). In our samples two
different chromatographic profiles were obtained, as shown in
Fig. 6b, c.

Sample 4D showed the presence of isatin, indigotin and
indirubin, with indigotin being the most abundant peak
(Table 2). A fourth compound was present with the samemass
as indigotin and indirubin [M + H]+ = 263.0815 u. The MS/
MS spectrum of this compound showed many similarities
with the MS/MS spectrum of indigotin (Fig. S2,
Supplementary material). The fragment ions [M + H–18]+,
[M + H–28]+, [M + H–46]+ and [M + H–73]+, corresponding
to [M + H–H2O]

+, [M + H–CO]+, [M + H–CO–H2O]
+ and

[M + H–CO–NH2–H2O]
+, respectively, were present. This

suggested that the compound is probably the indigotin isomer
isoindigotin (Maugard et al. 2001; Puchalska et al. 2004).

This compound was also present in the chromatogram ob-
tained for sample 6D, as well as isatin and indirubin.
However, the chromatographic peak for indigotin showed an
extremely low abundance in this sample compared to
indirubin. One reason for this difference may be that two dif-
ferent sources of indigo were used. In fact, several indigo-
producing plants are reported in the literature as possible blue
sources in Asia. In addition to the cultivated Indigofera
tinctoria, originating in India, and the relatively com-
mon woad (Isatis tinctoria), Polygonum tinctorium and
Strobilanthes cusia (syn. Baphicacanthus cusia) have
been reported as traditional Chinese sources for dyeing
blue (Cardon 2007; De Luca et al. 2016; Grzywacz
et al. 2004). All these plants yield approximately the
same dye components; therefore, it is difficult to differ-
entiate between them based on the chemistry alone.
Furthermore, different dyeing techniques or different
degradation pathways may also have produced the ob-
served differences.

Indigo was also detected in all the green samples
(3D, 5D, 21D, 22D, 24D). Mixed blue and yellow
fleeces or subsequent dyeing were used to obtain dif-
ferent shades, from aqua to dark green. The distribu-
tion of the blue dye components in samples 3D, 5D,
21D and 24D was similar to what obtained for sample
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4D (Fig. 6b), whereas the results for sample 22D re-
vealed a high relative abundance of indirubin, more
similar to sample 6D (Fig. 6c), pointing towards the
hypothesis that the two sources of indigo were also
used for the green colours.

Yellows

Several yellow samples from different locations were
analysed. Some of them showed a pale colour (samples 1D,
2D, 8D, 9D and 10D), whereas others were brighter (samples

Table 2 Summary of the results obtained from the dye analysis of the samples by HPLC-ESI-Q-ToF

Sample name Colour Dye molecules Possible sources

1D Pale yellow None

2D Pale yellow Berberine, Berberine oxidation product P. chinense

3D Aqua Isatin, indigotin, indirubin, isoindigotin
Berberine, Berberine oxidation product

Blue: I. tinctoria*, P. tinctorium, S. cusia
(syn. B. cusia)

Yellow: P. chinense

4D Dark blue Isatin, indigotin, indirubin, isoindigotin I tinctoria*, P. tinctorium, S. cusia

5D Aqua Isatin, indigotin, indirubin, isoindigotin
Berberine, Berberine oxidation product

Blue: I. tinctoria*, P. tinctorium, S. cusia
Yellow: P. chinense

6D Dark blue Isatin, indigotin (very low), indirubin,
isoindigotin

I. tinctoria*, P. tinctorium, S. cusia

7D Yellow Berberine, Berberine oxidation product P. chinense

8D Creamy yellow Luteolin, Apigenin, Luteolin-4-O′-glucoside,
Apigenin-7-glucoside, Luteolin-7-glucoside

R. luteola

9D Pale yellow None

10D Pale yellow None

11D Red/orange Luteolin, Apigenin, Emodin
Not fully identified molecules (anthraquinones,

polyhydroxyanthraquinones, etc.)

Unknown

12D Light brown Ellagic acid Tannin-based

13D Brown Ellagic acid Tannin-based

14D Light pink None

15D Yellow Berberine, Berberine oxidation product P. chinense

16D Light pink None

17D Yellow Berberine, Berberine oxidation product P. chinense

18D Brown Ellagic acid Tannin-based

19D Red Anthragallol, Alizarin, Purpurin Pseudopurpurin,
Xanthopurpurin, Munjistin, Rubiadin, Nordamnacantha,
6-hydroxyrubiadin (?)

Rubia spp.

20D Pink Carthamin, Carthamin degradation products, Ct component
Luteolin, Apigenin, Chrysoeriol, O-methylated flavone
Luteolin-glucuronide, Apigenin-glucuronide, Chrysoeriol-

glucuronide, O-methylated flavone-glucuronide

C. tinctorius
Unknown yellow

21D Green Isatin, indigotin, indirubin, isoindigotin
Luteolin, Apigenin, Luteolin-4-O′-glucoside, Apigenin-7-

glucoside, Luteolin-7-glucoside
Berberine, Berberine oxidation product

I. tinctoria*, P. tinctorium, S. cusia
P. chinense
Reseda luteola (?)

22D Dark green Isatin, indigotin (very low), indirubin, isoindigotin
Berberine oxidation product

I. tinctoria*, P. tinctorium, S. cusia
P. chinense

23D Red/orange Luteolin, Apigenin, Emodin
Not fully identified molecules (anthraquinones,

polyhydroxyanthraquinones, etc.)

Unknown

24D Light green Isatin, indigotin, indirubin, isoindigotin
Berberine oxidation product

I. tinctoria*, P. tinctorium, S. cusia
P. chinense

25D Purple Shikonin
Brazilin, type C component, Emodin
Not fully identified molecules (polyhydroxyxanthones?)

L. erythrorhizon, C. sappan

*Both Indigofera tinctoria and Isatis tinctoria as possible sources
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7D, 15D, 17D). With regard to the ‘pale’ samples, only sam-
ples 2D and 8D were found to contain dye molecules.
Samples 1D, 9D and 10D were all taken from the skin of the
partially missing figure on the left hand side (Table 1). After
cleaning of the textile, these areas appeared lighter in colour
and would not be defined as ‘pale yellows’, but rather undyed,
in agreement with the HPLC-MS results.

Samples 2D and 8D showed two different dye composi-
tions. Berberine was detected in sample 2D (Fig. 7a).
Luteolin, apigenin and some of their glycosides were detected
in sample 8D (Fig. 7b). All the ‘darker’ samples (samples 7D,
15D, 17D) showed the same composition as sample 2D, with
berberine as the main component.

Plant materials containing protoberberine alkaloids have
been used commonly in Asia since ancient times. Among
these plants, amur cork tree (Phellodendron amurense in
Japan and P. chinense in China), goldthread (Coptis japonica
in Japan and C. chinensis in China), Japanese barberry
(Berberis thunbergii) and huangteng (Fibraurea tinctoria)
are the best documented (Gibbs et al. 1997; Grzywacz et al.
2004; Han et al. 2017; Sasaki and Sasaki 2013; Zhang et al.
2007). All these plants contain berberine as the main alkaloid,
except huangteng, in which berberine is absent (Sasaki and
Sasaki 2013; Zhang et al. 2007). Both Japanese and Chinese
goldthreads are distinguishable by the presence of coptisine,
whereas the various amur cork trees and Japanese barberry
contain small amounts of palmatine and jatrorrhizine relative
to berberine (Gibbs et al. 1997; Sasaki and Sasaki 2013).

In our case, all the samples containing berberine showed
the presence of a second alkaloid. The high-resolution mass

measurements allowed us to identify the compound as a ber-
berine oxidation product. In fact, the measured mass of the
detected compound was 352.1179 u, compatible with the
chemical formula C20H18NO5

+ and not to be mistaken with
the exact mass for palmatine (C21H22NO4

+), which is
352.1549 u. This chemical formula corresponds to the formula
of berberine (C20H18NO4

+) with one additional oxygen atom.
In addition, the MS/MS spectrum of the compound (Fig. S3,
Supplementary material) clearly highlighted that the fragmen-
tation pattern was the same as berberine with +16 u difference
for all the fragment ions. The position of the oxygen atom,
whether in a hydroxyl or keto functionality, was not
ascertained from these results.

The absence of any other alkaloid was not in agreement
with most of the literature (Gibbs et al. 1997; Sasaki and
Sasaki 2013; Zhang et al. 2007), but a high variability of
results can be found in these works and some yellow paper
samples from Dunhuang (eighth century AD) containing only
berberine were found (Gibbs et al. 1997). The authors sug-
gested that a plant extract other than Phellodendron amurense
or P. chinense (the most common in China) may have been
used at that time. In addition, palmatine content inP. amurense
is reported to vary depending on which part of the tree it is
obtained from (Sasaki and Sasaki 2013) and degradation phe-
nomena should be taken into consideration, as well as dye
bath conditions.

As regards the luteolin-based source of yellow dye, the
composition was similar to the one commonly obtained for
weld (Reseda luteola), except for a very weak signal obtained
for chrysoeriol, considered as one of the weld biomarkers
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(Peggie et al. 2008). A similar result has been obtained by
Zhang et al. (Zhang et al. 2008). However, as also underlined
by those authors, weld is not a typical Chinese plant at present,
though it may have been in the past. Some other unknown
Asian sources of luteolin might have been used in these cases.

The green samples (3D, 5D, 21D, 22D, 24D) also
contained these two types of yellow dyes. Sample 21D
contained a mixture of berberine and the luteolin-based dye,
whereas all the other samples contained berberine.

The photophysical properties of protoberberines have been
extensively studied and their characteristic yellow/greenish
UV-induced luminescence is known (Diaz et al. 2009;
Megyesi and Biczók 2007). The results are therefore in agree-
ment with the information obtained during the visual exami-
nations (‘Visual examinations’ section, Fig. 2), where one
fluorescent and one non-fluorescent source of yellow were
observed.

Pink

Three samples were classified as pink (samples 14D, 16D and
20D). Dye molecules were only detected and identified in
sample 20D, as shown in Fig. 8. Carthamin and the two deg-
radation products of carthamin ([M-H]− = m/z 477.1038 cor-
responding to C22H22O12, and [M-H]− = m/z 449.1084 corre-
sponding to C21H22O11), identified by Laursen and Mouri
(Laursen and Mouri 2013) were present. In addition, one of
the so-called Ct components (m/z 582.2615) was detected

(Wouters et al. 2010). These compounds are all markers of
safflower (Carthamus tinctorius), known to be a very light-
sensitive dye, which explains the presence of a vibrant pink on
the back of the textile but not on the front. Also in this case,
dye analysis supported the information obtained by visual
examination under UV light, where an orange fluorescence,
potentially in agreement with safflower (Nakamura et al.
2014), was observed in some faded areas (‘Visual
examinations’section, Fig. 2).

In addition to the main markers of safflower, four flavo-
noids were identified in sample 20D, namely apigenin,
luteolin, chrysoeriol and an O-methylated flavone, whose
mass corresponded to chrysoeriol without one hydroxyl
group. There are many flavonoids corresponding to this struc-
ture, such as acacetin, methyl-genistein, genkwanin, glycitein,
etc. The MS/MS spectrum of the compound did not allow us
to assign an exact chemical structure to this molecule, as the
spectrum was dominated by the fragment ion arising from the
loss of the methyl group. Although apigenin and chrysoeriol
have been detected in safflower samples (Wouters et al. 2010),
the distribution of the four flavonoids in this sample, with
chrysoeriol as the most abundant one, did not match any com-
mon source of flavonoid dyes. Moreover, the four flavonoids
were all also found in the form of O-glucuronide derivatives.
The MS/MS spectra showed a main fragmentation peak cor-
responding to the loss of 176 u, which is the main fragmenta-
tion reported when O-glucuronide flavonoids are present
(Marczak et al. 2016) (Fig. S4, Supplementary material).
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Luteolin-glucuronide has been suggested as a possible com-
ponent in some Chinese samples from Zaghunluq (Xinjiang)
by Zhang et al. (Zhang et al. 2008). Glucuronide derivatives of
flavonoids are present in several plants, but have not been
commonly identified as dye components. Although this does
not exclude their presence as part of an unknown yellow dye,
another hypothesis could be formulated. In fact, dyeing pink/
red with safflower requires the adjustment of the pH of the dye
bath and natural products were used to do this in ancient times.
The use of dark plum juice is reported (Han 2016), but other
substances or processes could have been used, resulting in the
detection of these unusual compounds.

Purple

One purple sample (sample 25D) was analysed, whose chro-
matographic profile revealed the presence of various dye mol-
ecules (Fig. 9).

Shikonin is considered the molecular marker for the pres-
ence of gromwell (Lithospermum erythrorhizon) (Cardon
2007; Han et al. 2017) and was identified in the sample.
However, other Boraginaceae plants from Asia contain
shikonin and/or alkannin (its stereoisomer) as main dye mol-
ecule (Cardon 2007). The MS/MS spectrum of shikonin (Fig.
S5, Supplementary material) shows the typical fragment ion at
m/z 218.0221, which results from the cleavage of the molecule
at the benzylic position.

Brazilin was also identified, despite the very low abun-
dance, and was considered as an indication of the presence
of sappan wood, Caesalpinia sappan (Biancaea sappan). The
identification of sappan wood by means of HPLC analysis
does not usually rely on the detection of brazilein and/or

brazilin, which are fugitive and unstable compounds, but rath-
er on the detection of the so-called ‘type C compound’
(Karapanagiotis et al. 2009; Karapanagiotis et al. 2011;
Manhita et al. 2011; Nowik 2001). Although this compound
can be identified by the corresponding UV-visible absorption
spectrum, its chemical structure and formation mechanism are
not known.

In our analysis the ‘type C compound’ was identified and
showed a mass value of the deprotonated molecule 243.0299
u, in agreement with Manhita et al. (2011). The molecule,
confirmed to be also present in a reference of silk dyed with
sappan wood, was consistent with the chemical formula
C13H8O5 and produced a MS/MS spectrum consistent with a
trihydroxyxanthone. Although trihydroxyxanthone was not
present in our reference database, the spectrum showed many
similarities with the one obtained for euxanthone (C13H8O4,
dihydroxyxanthone), which was present in our database. In
fact, most of the fragment ions showed a + 16 u difference,
indicative of an additional oxygen atom, but the fragmentation
pattern was mostly the same (Fig. S6, Supplementary
material). A second compound, whose deprotonated molecule
mass was at m/z 259.0248 and consistent with the chemical
formula C13H8O6, showed a similar MS/MS spectrum. Also
in this case, the fragmentation showed a + 16 u difference for
most of the fragment ions (Fig. S6, Supplementary material).
Th i s l ed us t o hypo the s i s e t he s t r u c t u r e o f a
tetrahydroxyxanthone for this compound. This compound
was not present in the reference of silk dyed with sappan
wood, but can be seen as an oxidation product of the ‘type C
compound’.

Xanthones have been reported as components of sappan
wood (Nirmal et al. 2015); therefore, based on these results,
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we hypothesise that these compounds can be used as diagnos-
tic markers for the presence of sappan wood. In addition,
although it has been suggested that the ‘type C compound’
may derive from the ageing of the dye due to exposure to light
(Manhita et al. 2011), we suggest here that it could have the
structure of a trihydroxyxanthone, thus would not be directly
related to the structure of brazilein.

Emodin, a very common molecule found in many plants
(Cardon 2007), and a few other unidentified molecules were
also detected in the sample.

Reds

Three red samples were analysed, corresponding to two dif-
ferent red colours: a more orange/brownish red (samples 11D
and 23D) and a bright red (sample 19D).

Anthraquinones attributable to the dye composition of a
Rubiaceae plant (madder) were detected in sample 19D
(bright red). In particular, anthragallol, alizarin, purpurin

pseudopurpurin, xanthopurpurin, munjistin, rubiadin and
nordamnacanthal were identified, as shown in Fig. 10a.

The relatively high abundance of munjistin points
towards Rubia cordifolia (munjeet or manjishtha) used
as possible plant source for the madder (Mouri and
Laursen 2012; Wouters 1985; Wouters et al. 2011).
However, low relative abundances of alizarin and
rubiadin are generally derived from this plant, not fully
in agreement with our results. Additionally, 6-
hydroxyrubiadin has been reported as marker for the
R. akane (Japanese madder) (Mouri and Laursen
2012), but it has also recently been indicated as marker
for R. cordifolia in non-aged samples (Han et al. 2017).
In our analysis, 6-hydroxyrubiadin was tentatively iden-
tified as a minor component compared to the other an-
thraquinones, making the attribution to a botanical
source extremely challenging, as it usually occurs when
dealing with ancient samples.

The results obtained from the other two samples were
much more difficult to interpret. Luteolin and apigenin were
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detected (Fig. 10b), suggesting that a source of yellow flavo-
noids was present in the sample. The anthraquinone emodin
was identified as well. Several other molecules were detected,
but not clearly identified.

The MS/MS spectra of three of the unknown compounds,
whose deprotonated molecule masses were 263.0197,
287.0197 and 303.0146 u, respectively, showed some similar-
ities (Fig. S7, Supplementary material), as they were dominat-
ed by [M-H-18]− and [M-H-28]− fragment ions, in a similar
way to what happens to anthraquinone/naphthoquinone mol-
ecules. The masses were compatible with the chemical formu-
las C12H8O7, C14H8O7 and C14H8O8 and the fragmentation
patterns showed a good match (over 80%) with acetyl-
tetrahydroxynaphthoquinone (or spinochrome A),
pentahydroxyanthraquinone and hexahydroxyanthraquinone,
respectively. The tentative assignment of these molecular
structures is based on the fragmentation pathways observed,
but is not confirmed by reference molecules due to the lack of
standards (further investigations are on-going).

For two other unknown molecules, the masses of the
deprotonated molecules were 267.0663 and 281.0455 u, re-
spectively, compatible with chemical formulas C16H12O4 and
C16H10O5, respectively. It was possible to ascertain the pres-
ence of at least one methyl group in the former molecule, as
theMS/MS spectrumwas dominated by the fragment ion with
[M-H-15]−, whereas the MS/MS spectrum of the latter mole-
cule showed a [M-H-28]− fragment ion (Fig. S8,
Supplementary material). This made further considerations
on their structures difficult to be obtained.

The MS/MS spectra of two other unknown compounds
showed similarities (Fig. S9, Supplementary material). The
masses of the deprotonated molecules for these compounds were
405.0616 and 421.0565 u, respectively. The latter onewas present
in two isomeric forms. The masses were compatible with chem-
ical formula C22H14O8 and C22H14O9, respectively. The fragmen-
tations showed fragment ions with [M-H-28]− and [M-H-44]−,
corresponding to CO and COOH losses. Fragment ions with high
abundancewere found atm/z 243.0297 and 259.0246, respective-
ly, corresponding to the ions [M-H-162]- and suggesting the pres-
ence of a glucose molecule, but the elucidation of the entire mass
spectra remains challenging. The nature and the source of this red
dye are unknown at this stage of the investigation, highlighting
that research still needs to be done to identify Asian colourants in
archaeological textiles.

Conclusions

SEM-EDX and HPLC-ESI-Q-ToF were used to investigate a
high number of samples from the Chinese embroidery
‘Sakyamuni Preaching on Vulture Peak’ focusing on fibre
characterisation, indications about the use of mordants and
identification of dyes.

The results confirmed the use of different types of fibres
(hemp, linen and silk) in different parts of the panel and
highlighted their poor degradation state in most cases. The
use of an alum mordant in relation to red anthraquinones
and purple naphthoquinones was detected and an iron mor-
dant was found associated with the use of tannins. The other
dyes (pink, yellows, blue and greens shades) were mostly
applied as direct and/or vat dyes.

The identification of the dyes has expanded the database of
literature data on ancient Chinese dyes in textiles from the Silk
Road, which remains a relatively poorly investigated subject,
especially in terms of application of HPLC-ESI-Q-ToF. In
addition to the identification of expected dye sources, such
as a berberine-based yellow (most likely P. chinense), Rubia
spp. for the red, C. tinctorius for the pink, the results also
highlighted new insights into the use of dyes. In particular, a
mixture of shikon (L. erythrorhizon) and sappanwood
(C. sappan) to obtain a particular purple shade, and the prob-
able use of more than one source of indigo were highlighted.
Some limitations were also revealed, especially regarding the
identification of some uncommon sources of yellow and red
dyes. This is mainly due to the lack of reference materials,
MS/MS data and information about degradation. In an attempt
to overcome these limitations, a selection of dye plants from
China has been collected at the British Museum and is being
used to build a database of MS/MS data of dye molecules.
This, together with some comparative work involving other
textiles fromDunhuang, will enhance the possibilities of iden-
tification of Chinese dyes in archaeological textiles.
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