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A B S T R A C T

The archaeological complex of Dunhuang (northwestern Gansu, China) is considered a pearl on the Silk Road

and the content of its caves revolutionised oriental studies. The British Museum hosts a significant number of

textiles and textile fragments from the site. Although mostly catalogued and studied from the point of view of

textile production, weaving techniques and iconography, they have never undergone dye analysis, which is here

presented for the first time. Due to the value, preciousness and fragility of these textiles, sampling is not always

an option. Therefore, a non-invasive approach combining multispectral imaging (MSI) and fibre optic reflectance

spectroscopy (FORS) was tested. The final aims of this research were to explore the advantages and limitations of

such an approach with application to Asian dyes and ultimately to provide new insights into the technological

skills related to dyestuff production and use in ancient China.

To achieve these aims, twenty-nine reference specimens of Asian dyes were sourced, including sappanwood

(Biancaea sappan), sandalwood (Pterocarpus santalinus), different species of madder (Rubia spp.), rosewood

(Dalbergia sp.), rhubarb (Rheum emodi), dragon's blood (Daemonorops sp.), Indian lac (Kerria lacca), gromwell

(Lithospermum erythrorhyzon), safflower (Carthamus tinctorius), amur-cork tree (Phellodendron amurense), gam-

boge (Garcinia hanburyi), violet (Viola yedoensis), pagoda tree (Sophora japonica). Silk was dyed using these raw

materials and the reference samples were analysed by colorimetry before and after ageing. These measurements

highlighted the most light-sensitive dyes to be turmeric, safflower, sappanwood and sandalwood. The reference

samples were also used to create a database of reflectance and apparent absorption spectra obtained by FORS, as

well as to record the reflectance, luminescence and absorption properties of specific dyes by MSI. The combined

information obtained from MSI and FORS brought to the fore the signature behaviour of certain dyes (proto-

berberine-based dyes, safflower, gromwell, tannins, madder, sappanwood, Indian lac and indigo), which enabled

their unequivocal identification and the mapping of their distribution in thirty-one Dunhuang textiles from the

British Museum's collection.

The data presented in this work will be beneficial to other researchers and conservators investigating textiles

from the Silk Road using a non-invasive approach and for the assessment of textiles and their suitability for

display.

1. Introduction

The archaeological complex of Dunhuang in northwestern China is

one of the most important sites of the Silk Road and the content of the

so-called Hidden Library (Cave 17) revolutionised oriental studies.

Sealed from the beginning of the 11th century, the cave contained

documents, mural and silk paintings and textiles spanning the 6th to the

11th century [1]. These attracted the interest of scholars and archae-

ologists from around the world. Among them was Sir Aurel Stein, who

acquired many objects and brought them to the UK in the early 1900s

[2]. However, most of the attention was focused on the outstanding

mural paintings and the materials used to create them, in order to at-

tend to their preservation needs [3–7]. The textiles, which initially

received less attention, consisted of canopies, banners, sutra covers and

wrappers, polychrome and monochrome woven silk, clamp-resist dyed

silk and embroidered silk [1]. Although these have been studied from a

technological, stylistic and iconographic point of view, dye analysis is

rare or rarely published regarding the Dunhuang textiles [8]. One of the
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aims of this work was therefore to analyse a significant number of

Dunhuang textiles, dated from the 7th to the 10th century AD, in order

to fill this gap in the current literature.

The identification of natural dyes is generally based on the com-

parison of the results obtained on an object with those obtained on

reference samples. As people from different geographical locations have

used natural dyes relying on the availability of their natural sources [9],

the investigation of these materials in objects from specific geo-

graphical areas requires a high degree of knowledge of historically re-

levant and significant dye sources, as well as access to the appropriate

reference materials. Sources of dyes used in the Tang dynasty (7th-9th

century) [10] and later periods [11] have been presented in the lit-

erature, as well as dye analysis on textiles from other important Asian

archaeological sites [8,12–27]. This research has shed light on the most

common sources of dyes used in Asia [10,11,14,16,28], but uni-

dentified colourants are often reported in the literature addressing this

topic [8,16–18,23,24], pointing towards the need for further research.

From the outset, this work aimed to create a set of reference samples

of Asian dyes and utilise the data obtained as a robust base for the

identification of natural dyes in Dunhuang textiles. Furthermore, two

additional important aspects were carefully considered. Firstly, the

importance of ageing and fading of natural dyes in making the presence

of these in textiles visually unrecognisable is a well-known topic

[29–32], but only a few studies are specifically available on Asian dyes

[33,34]. Molecular degradation mechanisms have generally been stu-

died [35–38] and, when these occur, the identification of certain types

of dyes can be problematic. For these reasons, all the reference samples

considered in this work were investigated before and after artificial

ageing. Natural ageing is very difficult to simulate, as the history of a

textile is generally difficult to be tracked down completely. However,

although nothing can be done about the damage resulting from the

natural ageing of a textile, risks related to further display can be

avoided by knowing the light-sensitivity of the dyes. Display conditions

in museums, however, can be simulated and accelerated and this was

addressed in this paper. A further concern when dealing with dye

analysis in textiles is the analytical approach employed [39]. It has been

shown that high pressure liquid chromatography (HPLC) has the most

potential in terms of the level of detail that can be obtained from this

analysis [40–42] and this has been successfully applied for the identi-

fication of Asian dyes [8,12–24]. However, although the amount of

sample required for HPLC-MS analysis is very small (2–3mm of a single

thread, ca. 100 μg) and the damage to knowledge-obtained ratio is very

positive, sampling is not always possible when dealing with precious

and fragile textiles and non-invasive approaches are highly desirable.

Non-destructive or nano-destructive surface techniques, such as TOF-

SIMS, SERS, FTIR, fluorescence and UV–Vis reflectance spectroscopies

have been applied to identify a limited number of Asian colourants

[16,25,43–45]. In particular, fluorescence and diffuse reflectance

spectroscopies applied to Japanese woodblock prints have recently

shown promise in this field, revealing some, albeit limited, information

[46,47]. The main issue with the non-invasive investigation of dyes is

related to the identification of yellow dyes, some of which are hardly

distinguishable from each other in terms of their fluorescence and dif-

fuse reflectance spectra [48].

Here, the integration of fibre optic reflectance spectroscopy (FORS)

and multispectral imaging (MSI) is further explored in order to un-

derstand the full potential of these techniques applied to the identifi-

cation of Asian dyes. FORS is well-known to be a rapid and effective

non-invasive method, which has been applied to painted surfaces and

textiles [49–52]. Measurements are very fast (less than 1min per ac-

quisition) and yield information on both reflectance and apparent ab-

sorption features. Similarly, MSI is well-established in the study of

paintings and polychrome surfaces [53–56] and has recently seen its

first systematic application to the investigation of Late Antique textiles

[57], proving to be a powerful tool for the study of textiles and dye

identification. This approach is extremely visual, thus providing

information that can be easily accessible to conservators or other non-

specialists. However, the acquisition and processing of the images must

be conducted following rigorous and scientific protocols, in order to

obtain comparable results [58]. The correct interpretation of MSI and

FORS data has proved to be an extremely useful tool both in obtaining

information on dye sources and in planning strategic sampling cam-

paigns [57].

This approach (FORS and MSI), integrated with digital microscopy

and colorimetric measurements, was here further challenged by being

applied to a set of reference samples of Asian dyes and to thirty-one

textiles from Dunhuang present in the collection of the British Museum,

with the aim to create guidelines for the correct interpretation of MSI

images and FORS data of Asian dyes. The set of reference samples

created as a result of this research and the data obtained from their

subsequent analysis are finally interpreted against the wider context of

dye analysis of Asian textiles.

2. Materials and methods

2.1. Reference materials

Twenty-eight specimens of plant material and one specimen of

sticklac from Kerria lacca (Indian lac dye) were collected from different

sources, on the basis of available literature on natural sources of Asian

dyes [9–11,16–18,33,45]. Because of the difficulties related to acces-

sing some of these types of plants, different sources were used. Phyl-

lanthus emblica (Indian gooseberry), Rhus spp. (Chinese sumac), Rubia

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

Rheum emodi (rhubarb), Dalbergia sp. (rosewood), Curcuma longa (tur-

meric), Gardenia jasminoides (cape jasmine), Symplocos sp. (Lodh tree/

Asiatic sweetleaf), Viola yedoensis (violet), Phellodendron amurense

(amur-cork tree), Garcinia hanburyi (gamboge), Crocus sativus (saffron),

Reseda luteola (weld) and Kerria lacca (Indian lac dye) were available

from the British Museum reference collection. Another madder sample,

referred to as “madder Thimpu” with no further descriptive details

apart from the location of collection (Thimpu, Bhutan) was also avail-

able and used for comparison. According to the records, these materials

were collected in 2006 and have been stored in the dark since then but

no further information was available.

Rubia akane (Japanese madder), Biancaea sappan (sappanwood),

Lithospermum erythrorhizon (gromwell), Pterocarpus santalinus (sandal-

wood), Daemonorops sp. (dragon's blood), Sophora japonica (pagoda

bud) and Coptis chinensis (Chinese goldthread) were acquired at the

Institute of Chinese Medicine (London, UK). These materials are im-

ported from China on a regular basis and stored in the dark, but the

exact collection time is not available.

Rhamnus saxatilis (buckthorn) was purchased from Kremer

Pigmente in 2015 and has been stored in the dark since then. Juglans

regia (walnut tree) husks were provided fresh by Mrs. Barbara Wills

(Department of Conservation, British Museum) and used after a few

days of fermentation.

Two samples of wool dyed with yellow and pink extracts of

Carthamus tinctorius (safflower) were available. These were prepared for

a separate set of experiments in 2014 from safflower petals collected in

the same year. They had been stored in the dark since 2014 and then

used as they were. Samples of silk dyed with extracts of Miscanthus

sinensis (silver grass), Cotinus coggygria (smoke tree) and Berberis thun-

bergii (Japanese barberry) were provided by the Getty Conservation

Institute (Los Angeles, USA). These were dyed in 2004 [10] and stored

in the dark since then.

Apart from this last set of five pre-dyed samples, the rest of the plant

(insect) material was used to create a set of reference dyed samples.

Strips of silk1 (ca. 0.6 g; 20 cm×3 cm) were dyed with each dyestuff.

1Wool was also dyed with the original intention to have a systematic
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Different parts of the plants (petals, fruits, roots, rhizomes, heartwood,

etc.) were used according to traditional recipes [14,19,59]. The dyeing

procedure was generally performed in two steps: the extraction of the

dyes from the raw materials to create the dye baths and the actual

dyeing of the fibres by soaking the silk in the dye bath, prior mor-

danting, if necessary.

Both alum- and iron-mordanted fabrics were dyed with dyer's

madder. This was done to evaluate possible differences in the final

chemical composition when different mordants are used [59]. With a

similar aim, walnut extracts were used to dye both non-mordanted and

alum-mordanted fabrics. Dyeing with sappanwood and sandalwood

extracts was performed at both neutral and basic pH (addition of

Na2CO3). It is reported that significant changes in colour can be ob-

tained by changing the pH, especially for sappanwood [59].

The experiments described produced a set of twenty-nine silk re-

ference samples to be added to the five samples already available.

Undyed, alum-mordanted and iron-mordanted silk strips were used for

comparison. The set of reference samples is shown in Figs. 4 and 5. A

list of these samples and additional details of their production are in-

cluded in a paragraph and in Table S1 in the Supplementary Informa-

tion.

2.2. Archaeological textiles

Thirty-one textiles from the Stein collection of the British Museum

were investigated in this project (seventeen monochrome woven silk,

eleven polychrome woven silk and three embroidered silk textiles). The

textiles, mainly fragments, are dated from the late 7th to the early 10th

century (Tang to Five Dynasties period) and are representative of var-

ious weaving techniques (damask, gauze, brocade, samite, etc.). A brief

description of these textiles is presented in Table 1 and images of most

of them are shown in Figs. 1 and 7 and 9–11. These textiles have

Table 1

Brief description of the textiles analysed. The monochrome textiles are listed according to their colour.

Object number Brief Description

Monochrome woven silk

MAS.890 Yellow twill damask (it is described as orange). Stein noticed the polished surface of the fragments, which he believed was the result of heavy calendaring. Late

9th-early 10th century. Length 6 cm; width 11 cm

MAS.935 Yellow twill damask. Late 9th-early 10th century. Length 14 cm; width 2.5 cm

MAS.936 Bright yellow twill damask. It is described as orange. Late 9th-early 10th century. Length 10 cm; width 7.3 cm

MAS.938 Yellow lozenge twill damask. Late 9th-early 10th century. Length 5.8 cm; width 18.5 cm

MAS.942 Pale yellow damask on plain weave. Late 9th-early 10th century. Length 16.5 cm; width 15.5 cm

MAS.904 Orange patterned complex gauze. 7th-10th century. Length 9.7 cm; width 10.3 cm

MAS.951 Orange ribbed weave. It is described as bright red. Late 9th-early 10th century. Length 26.3 cm; width 3.4 cm

MAS.939 Red twill damask with floral patterns. Late 9th-early 10th century. Length 8.5 cm; width 8 cm

MAS.954 Red patterned complex gauze. Probably part of a layered streamer on a valance. 7th-10th century. Length 9.2 cm; width 10.3 cm

MAS.896 Damask on plain weave. Late 9th-early 10th century. It was probably purple now turned into brown. Length 15.5 cm; width 10 cm

MAS.949 Damask on plain weave. Late 8th-early 9th century. It looks brown but it was probably a different colour. Length 31.5 cm; width 8.5 cm

MAS.891 Purple twill damask. Late 9th-early 10th century. Same pattern as MAS.937. Length 9 cm; width 5 cm

MAS.900 Purple simple gauze with floats. Late 9th-early 10th century. Length 4.5 cm; width 8.3 cm

MAS.901 Purple simple gauze with floats. Late 9th-early 10th century. Length 22.5 cm; width 5.7 cm

MAS.902 Purple simple gauze with floats. Late 9th-early 10th century. Length 17 cm; width 3.8 cm

MAS.903 Purple simple gauze with floats. Late 9th-early 10th century. Length 6.5 cm; width 21 cm

MAS.937 Purple twill damask Late 9th-early 10th century. Same pattern as MAS.891. Length 14.5 cm; width 1.8 cm

Polychrome woven silk

MAS.865 Part of 57 fragments originally forming a floral medallion on a red ground. Late 8th- early 9th century. Sogdian samite. Yellow, orange and blue colours. Length

4 cm; width 16.3 cm

MAS.869 Fragment with roundel pattern representing a phoenix. Late 9th-early 10th century. Liao samite. Purple, yellow, green and orange colours. Length 8 cm; width

3.2 cm

MAS.871 Floral medallion on red ground. Brocade on twill. 10th century Purple, red, yellow, pink and green colours. Length 2.7 cm; width 7.3 cm

MAS.872 Triangular fragment with Z-shaped and lozenge designs. Late 8th- early 9th century. Sogdian samite. Red, yellow, green and blue colours. Length 4 cm; width

4.1 cm

MAS.873 Narrow strip probably with floral roundels. Late 8th- early 9th century. Sogdian samite. Yellow, green, orange, red and blue colours. Length 19.3 cm; width

0.8 cm

MAS.906.a-b Two narrow strips of silk tapestry (kesi) with floral pattern, perhaps showing part of a medallion. Probably part of a sutra wrapper. Late 7th – early 8th century.

Yellow, orange, pink, purple, green, blue, brown colours. a: length 16.6 cm; width 1.4 cm - b: length 9.4 cm; width 1.3 cm

MAS.908.a-b Two narrow strips of silk tapestry (kesi) with floral pattern on pink (red) background. Late 7th – early 8th century. Yellow, brown, pink, green and blue colours.

a: length 7.5 cm; width 1.7 cm - b: length 8 cm; width 1.8 cm

MAS.920 Fragments representing geese, circles and quatrefoils. Late 9th-early 10th century. Liao samite. Pink, yellow and blue colours. Length 15.5 cm; width 6 cm

MAS.922 Heart-shaped petal design in red on a yellow ground. Late 8th- early 9th century. Sogdian samite. Yellow, red, orange and blue colours. Length 12.5 cm; width

4.5 cm

MAS.924 Fragment with stripes and flower motif. Double weave in silk. Late 7th early 8th century. Yellow, green and blue colours. Length 22.5 cm; width 5.5 cm

MAS.929 Fragment of a black ground with unrecognisable yellow (gold) decoration. Brocade on twill Late 9th-early 10th century. Black and yellow colours. Length

13.5 cm; width 7 cm

Embroidered silk

MAS.911 Multi-coloured embroidery of a Buddha standing on a lotus pedestal and enclosed within an almond-shaped aureole. The ground is a plain woven dark brown

silk and the embroidery is made with split and couching stitches. Late 8th- early 9th century. Brown, orange, green and blue colours. Length 10.9 cm; width

6.2 cm

MAS.915 Triangular black twill damask with a diamond pattern embroidered in satin stitch with motifs of half-florets. Late 9th-early 10th century. Pink, red, green and

blue colours. Length 14 cm; width 6.3 cm

MAS.1130 Rectangular fragment of damask on plain weave in a faded red colour embroidered with split stitches to create a motif probably representing a peacock. Late 8th-

early 9th century. Red, brown, yellow, pink, green, blue and purple colours. Length 21 cm; width 9 cm

(footnote continued)

comparison between the two sets of samples. The main difference observed was

in the colour obtained after dyeing with specific dyes. Generally, most direct

dyes gave a brighter colour on silk and most mordant dyes gave a brighter

colour on wool. Apart from this difference, the colour changes obtained after

artificial ageing and the results obtained by FORS and MSI were very similar.

For this reason and, most relevantly, because all the investigated textiles were

made of silk, the results obtained for the wool samples were not included.

Nevertheless, most of the collected data are also valid for dyed wool.
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previously been technically and stylistically studied [1] and some di-

gital microscopy images exemplifying the weaving techniques em-

ployed are presented in Fig. 1. The textiles show a wide range of colours

in various shades, including brown, yellow, orange, pink, red, purple,

green and blue.

2.3. Artificial ageing

Accelerated artificial ageing was performed on the set of reference

samples to simulate the results of long-time exposure in a museum

environment. Small squares of fabric (3 cm×3 cm) or 2.5 cm threads

in the case of safflower, silver grass, Japanese barberry and smoketree

samples were sewn onto acid-free card using a barely visible cotton

thread and put into an Atlas SolarClimatic SC 340MH climatic chamber

equipped with a metal halide lamp simulating solar radiation. A UV

filter (5 mm LEXAN filter with a Sun-X MT20 film) was used to cut the

radiation below 400 nm and reduce the total illuminance to 0.027

Mlux. Temperature (T) was set at 40 °C (higher then room temperature

to accelerate the ageing) and relative humidity (RH) was set to 50%.

The experiment lasted four weeks (672 h). As the visible light intensity

Fig. 1. Top: images of some of the textiles under investigation Bottom: images obtained by digital microscopy showing the variety of weaving techniques: a) MAS.935

twill damask, b) MAS.942 damask on plain weave, c) MAS.954 patterned complex gauze, d) MAS.951 ribbed weave, e) MAS.891 twill damask, f) MAS. 904 patterned

complex gauze, g) MAS.934 twill damask, h) MAS.896 damask on plain weave, i) MAS.949 damask on plain weave, j) MAS.900 simple gauze, k) MAS.872 sogdian

samite, l) MAS.920 liao samite, m) MAS.871 brocade on twill, n) MAS.906 kesi, o) MAS. 924 double weave.
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is not completely homogeneous in the chamber, the card was rotated by

90° every week. All the samples were therefore exposed to ca. 18.15

Mlux during ageing.

2.4. Colorimetry

Colorimetric measurements of the reference samples were taken in

triplicate (three different spots on the piece of fabric) before and after

ageing using a Konika Minolta CM-2600d spectrophotometer equipped

with a 52 mm barium sulphate integrating sphere, dual-beam geometry,

di:8°, de:8°, a 360–740 nm wavelength range with 10 nm measurement

intervals. The measuring area was 3 mm diameter and the standard

illuminant was D65. A plate of barium sulphate was used as white re-

ference to calibrate reflectance spectra. The CIE L*a*b* colour space

was adopted. In this system L* represents the lightness (from 0 black to

100 pure white), a* is related to the red and green components (positive

red – negative green) and b* is related to the blue and yellow compo-

nents (positive yellow – negative blue). The data were recorded in-

cluding the specular component, as the surface of the samples was not

glossy. The data were then used to calculate the ΔE (2000) as the square

root of (ΔL*)2 + (Δa*)2 + (Δb*)2. This parameter is indicative of the

total colour difference before and after ageing.

2.5. Digital microscopy (DM)

Digital microscopy was used to investigate the weaving of the tex-

tiles with the aim to highlight colour nuances, possible mixtures of dyes

and fading. A Keyence VHX-5000 digital microscope was used to record

magnified images (20-200x), equipped with a lens VH-Z 20R, an au-

tomated stage VHX-S 550E and LED reflected illumination.

2.6. Multispectral imaging (MSI)

The reference samples and the textiles were arranged on a black

card together with a reference grey scale, comprising a set of

Lambertian black, grey and white tiles (Spectralon®) and an XRite

ColorChecker target. Images were taken using a modified Nikon D7000

camera body after removal of the inbuilt UV-IR blocking filter, in order

to exploit the full sensitivity of the CMOS sensor (ca. 300–1000 nm).

The camera was operated in fully manual mode.

The set of images acquired included visible-reflected (VIS), infrared-

reflected (IRR), ultraviolet-induced visible luminescence (UVL), ultra-

violet-reflected imaging (UVR), visible-induced visible luminescence

(VIVL) and multiband-reflected (MBR) images. Infrared-reflected false

colour (IRRFC) and ultraviolet-reflected false colour (UVRFC) images

were produced combining VIS and IRR or UVR images respectively, as

described in [58].

Generally, the object is illuminated by two radiation sources sym-

metrically positioned at approximately 45° with respect to the focal axis

of the camera and at about the same height. A filter, or combination of

filters, is placed in front of the camera lens in order to select the wa-

velength range of interest. The combinations of radiation sources and

filter(s) used for each MSI technique are summarised in Table 2S

(Supplementary Information). The entire process of acquiring the

images lasted for approximately 1 h, of which 15min were dedicated to

UVL and UVR imaging. The risk of damage when exposing the textiles

to a UV source for such a short amount of time can be considered

negligible. Details about acquisition and post-processing of the images

are reported in a previous publication [57].

The reference samples were imaged before and after artificial

ageing. Both the front and the back of the archaeological textiles were

imaged, as some weaving techniques produce different patterns on each

Table 2

Multispectral imaging and FORS apparent absorption features of the reference dye samples.

VIS UVL IRRFC UVRFC FORS (nm)

Non-mordanted silk White Bluish (from silk) White Yellow Featureless

Alum-mordanted silk White Bluish (from silk) White Yellow Featureless

Iron-mordanted silk Light brown Black Beige Brown Featureless

Indian gooseberry Light brown Black Orange Brown Broad absorption

Walnut Light brown Black Orange Brown Broad absorption

Chinese sumac Dark brown Black Red Brown Broad absorption

Japanese madder Orange Pink/Orange Yellow Brown 430, 510, 540

Indian madder Orange/red Pink/Orange Yellow Brown 430, 510, 540

Dyer's madder Orange/red Pink/Orange Yellow Brown Not structured

Dyer's madder + iron Brownish red Black Orange Brown Not structured

Sappanwood Red orange (very weak) Yellow Green 540

Sappanwood + potash Bright pink Purplish (very weak) Yellow Green 560

Indian lac Pink Light pink (very weak) Light yellow Green 525, 560

Safflower pink Pink Bright orange Yellow Brown 515

Sandalwood Red Brick red Yellow Brown 480, 510

Sandalwood + potash Red Purplish (from silk) Yellow Brown 480, 510

Rosewood Orange Brown Yellow Brown 490, 600

Dragon's blood Orange Brown/yellow Yellow Brown Not structured

Rhubarb Yellow/orange Dark Beige Orange 445

Gromwell Purple Bluish (from silk) Pink Green 510, 550, 595

Chinese goldthread Deep yellow Olive Beige Red 465

Japanese barberry Bright yellow Yellow Beige Red 445

Amur-cork tree Bright yellow Bright yellow White Orange 440

Turmeric Deep yellow Yellow-green Lemon yellow Red 460

Saffron Yellow Olive Lemon yellow Pink 445, 470

Cape jasmine Yellow Olive Lemon yellow Pink 445, 470

Safflower yellow Yellow Yellow (weak) Lemon yellow Red 440

Smoketree Yellow Yellow (weak) White Orange 430

Pagoda tree Yellow Olive White Orange 430

Gamboge Yellow Black White Yellow 420

Symplocos Brownish yellow Green Beige Yellow 420

Violet Pale yellow Bluish (silk) White Yellow 400

Silver grass Brownish yellow Bluish (silk) White Yellow 420

Weld Yellow Yellow-green White Orange 430

Buckthorn Greenish yellow Olive White Orange 420
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side. In addition, the effects of fading are often more notable on one

side of the textile due to preferential display.

2.7. FORS

Fibre optic reflectance spectra were recorded for all the reference

samples and all the coloured areas of the textiles with an Avantes

(Apeldoorn, The Netherlands) AvaSpec-ULS2048XL-USB2 spectro-

photometer equipped with an AvaLight-HAL-S-IND tungsten halogen

light source. The detector and light source were connected with a fibre

optic bundle to an FCR-7UV200-2-1.5× 100 probe. In this configura-

tion, light was sent and retrieved by the bundle set at approximately 45°

from the surface normal, thus excluding specular reflectance. The

spectral range of the detector was 200–1160 nm; nevertheless, due to

poor blank correction on both the extremes of the range, only the range

between 300 and 900 nm was considered; as per the features of the

monochromator (slit width 50 μm, grating of UA type with 300 lines/

mm) and of the detector (2048 pixels), the best spectra resolution was

2.4 nm calculated as full width at half maximum (FWHM). Spectra were

referenced against the WS-2 reference tile provided by Avantes. The

diameter of the investigated area on the sample was approximately

1mm, obtained by setting the distance between probe and sample at

1mm. The instrumental parameters were as follows: 50ms integration

time, 20 scans for a total acquisition time of 1 s for each spectrum. The

whole system was managed by the software AvaSoft 8 for Windows™.

3. Results and discussion

3.1. Reference samples

3.1.1. Colorimetric measurements

The colour parameters of the reference samples projected on the

a*b* plane of the CIE L*a*b* colour space are shown in Fig. 2.

The red, orange and pink samples clustered at relatively high values

Fig. 2. Colour parameters obtained before and after artificial ageing of the reference samples projected on the a*b* plane of the CIE L*a*b* colour space. (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 a* and the samples with intense yellow colours clustered at high

values of b*. Buckthorn, weld, pagoda tree and amur-cork tree showed

negative values of a*, indicative of a slight green hue in these samples.

Symplocos, silver grass and violet were lightly coloured and with a

slight brown hue, which contributed to their grouping with the other

brown samples. Four pairs of samples were created to evaluate the

colour difference induced by changing some parameters in the dyeing

procedure. Walnut husks extracts were used to dye both non-mordanted

and alum-mordanted silk. The colour obtained was very similar, in-

dicating that the mordanting is not necessary for this dye and does not

play an important role in the final hue. Dyer's madder extracts were

used to dye both alum-mordanted and iron-mordanted silk. In this case

the colour difference was significant: an expected red/orange colour

was obtained with the alum mordant and a brownish red was obtained

with iron. Sappanwood and sandalwood extracts were used to dye at

neutral and alkaline pH, as the final hue is reported to be pH-dependent

[59]. For sappanwood a remarkable difference was observed: a bright

red colour was obtained at neutral pH and a bright fuchsia at alkaline

pH. For sandalwood the red colour obtained at alkaline pH was more

brownish than the one obtained at neutral pH.

In addition to describing the colours obtained, colorimetric mea-

surements were used to evaluate the extent of fading and/or the colour

changes induced by artificial ageing (light exposure). Table S3 (Sup-

plementary Information) reports the colorimetric parameters (L*, a*

and b*) measured before and after ageing, together with the corre-

sponding ΔL*, Δa* and Δb*, and the calculated ΔE. The colour para-

meters of the aged reference samples projected on the a*b* plane of the

CIE L*a*b* colour space are also shown in Fig. 2. Generally, a decrease

in the a* values and a decrease in the b* values were observed for most

red and yellow dyes, respectively, in agreement with a loss of the red

and yellow components of the colour, respectively.

In order to also consider the variations in the L* component, ΔE

values were evaluated. Fig. 3a shows the ΔE values as a histogram.

Three reference samples of non-mordanted, alum-mordanted and iron-

mordanted silk were included in order to gauge the effects of ageing of

the fabric itself. Slight colour changes were detected for the non-mor-

danted and alum-mordanted samples, mainly related to a decrease in

the b* component (yellowing), resulting in ΔE values ≤ 5. For the iron-

mordanted fabrics, which showed a significant brown colouration,

more relevant changes were observed, involving a decrease in the L*

and b* components, thus indicating a darkening and yellowing of the

fabric, which resulted in a ΔE value around 10.

In terms of dyed textiles, the brown samples (Indian gooseberry,

walnut and Chinese sumac) and the madder samples showed low ΔE

values, indicating good lightfastness of these dyes, in agreement with

previous studies [29]. Good lightfastness was also shown by Indian lac.

All the other red/orange/pink dyes from rosewood, dragon's blood,

sandalwood, sappanwood and safflower pink showed high values of ΔE

(ca. 20–30) [33,34]. A high contribution was generally given by a po-

sitive ΔL*, indicative of a general loss of colour and a negative Δa*,

indicative of a predominant loss of the red component. For dragon's

blood and safflower pink a significant negative Δb* (due to a loss of

yellow components) was also observed. Notably, although the ΔE for

gromwell was not very high (ca. 10), the colour underwent quite a

drastic change, turning from purple to a brownish purple, mainly due to

a positive Δb* (yellowing). Among the yellow dyes, symplocos, violet

and silver grass showed the lowest ΔE, but this result is probably related

to the fact that the colouration of the fabric was quite weak before

ageing. On the other hand, buckthorn, weld, smoketree and gamboge,

which produced bright colourations, showed ΔE ≤ 15, mainly due to a

negative Δb* (loss of yellow components), and can therefore be con-

sidered of relatively good lightfastness. All the other yellow dyes

showed ΔE ≥ 20, with turmeric showing an almost complete loss of

colour (ΔE > 50), in agreement with other studies [33].

On a general note, it appeared that in most cases the samples with

higher a* and b* values lost or changed colour to a higher extent, re-

sulting in a higher ΔE. Considering the different starting point in terms

of colour components of these samples, there is a risk that the ΔE value

would not be completely representative of the actual light-sensitivity of

these dyes. In fact, although useful to compare the initial and final

colour of a sample, ΔE is probably not the best parameter to compare

among very different samples. We therefore decided to normalise ΔE for

the initial colour values and we calculated ΔE %, by dividing the ΔE by

the square root of (L*)2 + (a*)2 + (b*)2 before ageing. The values

obtained are presented as a histogram in Fig. 3b and are reported in

Table S3 (Supplementary Information). It emerged that the order of

light-sensitivity of these dyes was slightly different. The brown dyes,

Indian lac, madder dyes, silver grass, symplocos, violet, gamboge,

smoketree, buckthorn and weld confirmed their relatively good light-

fastness. Gromwell showed a ΔE % of ca. 20%, which was more in

agreement with the colour change observed. Rosewood and dragon's

blood also appeared more light-sensitive than what observed without

normalisation. For the other dyes, apart from some minor differences,

the extent of colour change was confirmed. Turmeric, sappanwood,

sandalwood and safflower pink were the most light-sensitive dyes, and

the results were mostly in agreement with other previous studies

[29,33,34].

3.1.2. Multispectral imaging

Figs. 4 and 5 report the visible-reflected (VIS), ultraviolet-lumines-

cence (UVL), infrared-reflected false colour (IRRFC) and ultraviolet-

reflected false colour (UVRFC) images obtained for the reference sam-

ples before and after ageing.

The VIS images are a visual summary of what was described in the

previous section, as they clearly show the significant fading of certain

dyes, in particular rosewood, dragon's blood, sandalwood, sappanwood,

Fig. 3. a) ΔE and b) ΔE % values obtained after ageing of the reference samples

as a histogram, showing the increasingly light-sensitive nature of the dyes in-

vestigated.
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safflower, as well as most of the yellow dyes, especially turmeric.

The UVL images of the samples before ageing were extremely va-

luable in highlighting characteristic emission or absorption properties

of some of the dyes investigated. The non-mordanted and alum-mor-

danted silk exhibited blue luminescence, which is common for protei-

naceous materials [60]. All the brown dyes absorbed the UV radiation,

appearing dark in the images. All the madder samples, except for the

iron-mordanted one, showed a characteristic pink/orange luminescence

(relatively low), which is known to be typical of this group of dyes [61].

Pink safflower also showed a relatively intense orange luminescence

[62]. Sandalwood and sappanwood produced a weak red luminescence.

Among the yellows, the protoberberine-based dyes, such as amur-cork

tree, Chinese goldthread and Japanese barberry, exhibited an intense

yellow luminescence, with the amur-cork tree appearing most intense

[63]. Turmeric emitted in the yellow-green part of the spectrum [64].

Pagoda tree, smoketree and yellow safflower also produced a weak

Fig. 4. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL), c) infrared-reflected false colour (IRRFC) and d) ultraviolet-reflected false colour (UVRFC)

images obtained for the reference samples. The samples are shown as pairs: for each pair the upper samples are non-aged and the lower samples are aged. (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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yellow-green luminescence. Some green hues were additionally ob-

tained for symplocos, weld and buckthorn. A blue contribution from the

silk to these green emissions is probably significant. Visible-induced

visible luminescence (VIVL) images were very useful in this regard.

These images are recorded by illuminating the sample using blue light

and collecting the luminescence emitted in the yellow-red region of the

visible spectrum. The longer excitation wavelength compared to UV

avoids the absorption maximum of most fibres [60], suppressing the

background luminescence and minimising the colour-modifying effects

[57]. Thus, in the VIVL images (Figure S1, Supplementary Information)

the reference samples appear dark, as well as the non-emitting samples,

such as all the browns, saffron and cape jasmine. All the other samples

show some luminescence, in agreement with what observed in the UVL

images, but distinguishing between the hues was not straightforward.

The method is therefore useful in highlighting luminescing materials

with no interference from the background, but for the dyes investigated

appears less informative than UVL for diagnostic purposes.

Generally, fading after artificial ageing resulted in a weakening of

the luminescence observed from the dyes, leading to an increased blue

contribution from the silk in UVL images and weaker emissions in VIVL

images.

IRR images (not shown) showed that all the samples were mainly

Fig. 5. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL), c) infrared-reflected false colour (IRRFC) and d) ultraviolet-reflected false colour (UVRFC)

images obtained for the reference samples. The samples on the left are non-aged and the samples on the right are aged. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. FORS spectra (apparent absorption) of the reference dye samples.
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transparent to this component of the radiation. These data were used to

create false colour images (IRRFC), where the actual differences in

transparency can be better appreciated, as they contribute to create

different colours. In fact, most of the samples appeared a yellow hue,

indicating a weak absorption of the IR radiation, whereas Chinese

sumac appeared red, indicating a total transparency. Gromwell ap-

peared orange, and was thus distinctively different from all the other

samples.

UVR images (not shown) highlighted some interesting absorption

properties in this part of the spectrum. In particular, Chinese sumac,

iron-mordanted madder, buckthorn, weld, pagoda tree, gamboge, tur-

meric and Chinese goldthread appeared very dark in these images.

When false-colour images were created, Chinese sumac appeared brown

and the madder samples also showed a brownish hue. Green was ob-

served for lac, sappanwood and gromwell and red hues for saffron, cape

jasmine, turmeric and Chinese goldthread. The other yellow samples

showed a yellow hue.

A summary of the response exhibited by each reference sample in

the various multispectral images is reported in Table 2.

3.1.3. FORS

As described in Aceto et al. [49], apparent absorption spectra (Ku-

belka–Munk or log(1/R) conversion of reflectance data) are more re-

levant than reflectance spectra to the identification of organic colour-

ants, as the positions of the absorption features are generally more

constant and maxima are more informative than reflectance features.

Fig. 6 shows the apparent absorption spectra (log(1/R) of re-

flectance data) obtained from FORS analysis of the reference samples.

The brown samples (Indian gooseberry, walnut and Chinese sumac; not

shown) produced broad absorption bands with no characteristic fea-

tures. Among the madder samples, Japanese madder and Indian

madder showed the characteristic absorption maxima at around 510

and 540 nm [49–52]. However, the spectra obtained for the samples of

dyer's madder, both alum- and iron-mordanted, did not show a clear

structure. Examples of this related to dyeing procedure, origin of raw

materials or dye concentration effects have been noted in the literature

[50,52,57]. The iron-mordanted sample showed a broader absorption

feature, particularly in the red region of the spectrum, in agreement

with a change in the position of the inflection point associated with the

steep increase in reflectance in the red portion of the visible spectrum,

and the corresponding colour change [50]. The Indian lac sample

produced a characteristic spectrum generally obtained for insect-based

red dyes (kermes, cochineal and lac) with two absorption maxima at ca.

525 and 560 nm [49]. The spectrum obtained for the sappanwood

sample extracted at neutral pH produced a relatively broad absorption

with a maximum at ca. 530–540 nm, in agreement with the results

present in Ref. [52]. For the sappanwood sample extracted at alkaline

pH, the absorption maximum was shifted to ca. 560 nm and showed a

narrow absorption profile, more in agreement with previously pub-

lished data [49]. A very defined and characteristic FORS spectrum was

also obtained for safflower pink, whose sharp absorption maximum was

at ca. 520 nm, in agreement with previous findings [52,62]. On the

contrary, dragon's blood did not produce a structured spectrum [49],

with absorption features mainly concentrated below 500 nm. For the

other red samples (rosewood and sandalwood) no literature data were

available at the time of publication. The spectrum for the rosewood

showed two absorption features: a main one with a maximum at ca.

490 nm and a second one at ca. 600 nm. The spectra obtained from the

sandalwood samples extracted at neutral and alkaline pH were very

similar, showing an absorption band with two poorly resolved maxima

at ca. 480 and 510 nm. Gromwell produced a very distinctively struc-

tured spectrum with three maxima at ca. 510, 550, 595 nm.

As regards the yellow dyes, it is reported that their identification

using FORS is difficult [49], as their main absorption feature is a band

at ca. 400–450 nm, whose position does not change significantly among

these dyes. However, some differences were observed in the data ob-

tained from the yellow reference samples. The results for the three

protoberberine-based dyes (amur-cork tree, Japanese barberry and

Chinese goldthread) and turmeric showed a maximum at higher wa-

velength compared to the other samples (ca. 445–460 nm). The ab-

sorption maximum for saffron and cape jasmine showed some structure,

resulting in two poorly resolved maxima at ca. 445 and 470 nm, in

agreement with the behaviour of carotenoids [45,50]. Safflower yellow,

rhubarb, smoketree, pagoda tree and weld produced a maximum be-

tween 420 and 440 nm. Buckthorn, gamboge, violet, symplocos and

silver grass produced a maximum between 400 and 420 nm. It is dif-

ficult to ascertain how significant these differences are, as slightly dif-

ferent values are found in the literature and absorption features are

reported to vary depending on the dye preparation methods [49,50].

The main absorption features observed for the dyes under in-

vestigation are summarised in Table 2 together with the colour com-

binations shown in the multispectral images.

3.2. Archaeological textiles

By comparing the results and observations obtained on the ar-

chaeological textiles with the database created using the reference

samples (Table 2), a preliminary identification of some of the dyes was

possible. These results are summarised in Table 3 and discussed in the

following sections.

Fig. 7. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL), c) infrared-reflected false colour (IRRFC) and d) ultraviolet-reflected false colour (UVRFC)

images obtained for the monochrome textiles MAS.890, MAS.935, MAS.954, MAS.951 and MAS.891. (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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Table 3

Summary of the results obtained by FORS and multispectral imaging for the textiles investigated. Question marks (?) indicate uncertainty in the identification.

Object Colour FORS (nm) UVL IRRFC UVRFC Results

Monochrome woven silk textiles

MAS.890 yellow 430 olive white orange unidentified

MAS.935 yellow 440 bright yellow white orange protoberberine-based

MAS.936 yellow 415 yellow white orange protoberberine-based (probably low concentration)

MAS.938 yellow 415, 525 dark yellow white orange faded safflower and unidentified yellow

MAS.942 yellow 410 light yellow white orange unidentified

MAS.904 orange 515 orange yellow brown safflower

MAS.951 orange 515 bright orange yellow brown safflower

MAS.939 red not structured dark yellow dark unidentified

MAS.954 red 510, 540 dark yellow brown plat-based red, probably madder

MAS.896 brown 510, 555, 595 dark red green gromwell

MAS.949 brown 510, 550, 595 dark orange green gromwell

MAS.891 purple 510, 550, 595 dark orange green gromwell

MAS.900 purple 510, 550, 595 dark orange green gromwell

MAS.901 purple 510, 550, 595 dark orange green gromwell

MAS.902 purple 510, 550, 595 dark orange green gromwell

MAS.903 purple 510, 550, 595 dark orange green gromwell

MAS.937 purple 510, 550, 595 dark orange green gromwell

Polychrome woven silk textiles

MAS.865 orange 515 orange yellow brown safflower

yellow 420 olive white red unidentified (carotenoid?)

blue 660 blue red green indigo

light blue 660 light blue pink aqua indigo

MAS.869 orange 515 orange yellow brown safflower

yellow 420 olive white orange unidentified

green 420, 660 dark green pink brown unidentified yellow and indigo

purple 510, 550, 595 dark orange green gromwell

MAS.871 red 515 orange yellow brown safflower

purple 510, 550, 595 dark orange green gromwell

yellow 415 olive white orange unidentified

green 420, 660 blue pink green unidentified yellow and indigo

pink 515 orange white green safflower

MAS.872 yellow 430 yellow lemon yellow red unidentified (carotenoid?)

green 420, 660 green pink brown unidentified yellow and indigo

red 540 (not structured) red yellow brown sappanwood ?

red back 540 (not structured) orange yellow brown sappanwood ?

blue 660 blue pink green indigo

MAS.873 yellow 425 olive lemon red unidentified

green 420, 660 dark red brown unidentified yellow and indigo

orange 515 orange yellow brown safflower

red back 515 orange yellow brown safflower

blue 660 blue pink/red green indigo

MAS.906.a-b yellow 1 430 olive yellow brick red unidentified

yellow 2 435 yellow orange brown protoberberine-based

green 430, 660 olive pink brown unidentified yellow and indigo

orange 420, 515 orange yellow brown unidentified yellow and safflower

blue 660 blue pink/red green indigo

pink 420, 515 yellow pale yellow brown unidentified yellow and safflower

brown broad absorption dark brown brown tannins

purple 510, 550, 595 dark orange green gromwell

MAS.908.a-b pink not structured pink pale yellow brown unidentified

yellow 440 yellow orange red protoberberine-based

green 440, 660 olive pink brown unidentified yellow and indigo

brown broad absorption dark brown brown tannins

blue 660 blue pink/red green indigo

light blue 660 light blue pink yellow indigo

MAS.920 yellow 425 olive white orange unidentified

pink 515 orange yellow brown safflower

blue 660 blue pink/red green indigo

MAS.922 red 540 (not structured) dark orange purple sappanwood ?

yellow 420 pale yellow white orange unidentified

pink 51 orange yellow light purple safflower

blue 660 blue pink/red green indigo

MAS.924 yellow 420 olive pale yellow orange unidentified

green 420, 660 green pink brown unidentified yellow and indigo

beige featureless grey yellow brown unidentified

blue 660 blue pink/red green indigo

MAS.929 yellow 420 pale yellow white orange unidentified

black broad absorption dark red brown tannins

Embroidered silk textiles

(continued on next page)
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3.2.1. Monochrome textiles

Out of the seventeen monochrome textiles investigated, five re-

presentative groups emerged from the multispectral imaging sets ac-

quired and these are shown in Fig. 7.

One of the yellow textiles (MAS.935) exhibited a bright yellow lu-

minescence in the UVL image. All the other yellow textiles showed a

much weaker yellow-green luminescence, as for MAS.890. Very pale

yellow colours were observed in the IRRFC images and slightly different

nuances of orange in the UVRFC images of all the yellow textiles. FORS

spectra also produced two main results: an absorption maximum at ca.

400 nm for MAS.935 and absorption maxima at ca. 410–420 nm for all

the other yellow textiles, as shown in Fig. 8. The bright luminescence of

MAS.935 pointed towards a protoberberine-based dye. The colour ap-

peared to be more in agreement with the amur-cork tree dye rather than

the Japanese barberry or the Chinese goldthread. However, the ab-

sorption feature obtained by FORS did not match any of the results

obtained for these species. As previously mentioned, the exact position

of the absorption maximum for yellow dyes is not very reliable and

degraded fibres themselves can contribute to the yellow colour. As re-

gards the other yellow textiles, the results were not conclusive. A weak

yellow-green luminescence is common to many sources of dyes, as well

as an absorption maximum at 410–420 nm in the FORS spectra.

MSI of the red-orange textiles also produced two main categories of

results. On one hand, MAS.951 (Fig. 7) and MAS.904 exhibited a bright

orange luminescence in UVL images, light yellow colouration in IRRFC

images and a brownish hue in UVRFC images, whereas MAS.954

(Fig. 7) and MAS.939 appeared a weak red-orange in UVL images, deep

yellow in IRRFC and dark brown in UVRFC. FORS spectra of MAS.951

and MAS.904 showed a sharp absorption maximum at ca. 515 nm

(Fig. 8), which, in combination with the MSI observations, enabled the

clear identification of red safflower in these textiles. The FORS spec-

trum of MAS.954 showed two absorption maxima at ca. 510 and

540 nm, which are consistent with the presence of a plant-based red,

probably madder (Rubia spp) considering the geographical provenance.

Moreover, a slightly brighter luminescence was obtained for the re-

ference madder samples with comparison to this textile, but it has been

already proposed that high concentrations of madder dye can result in

the attenuation of the luminescence intensity observed [57]. The FORS

spectrum of MAS.939 (not shown) showed a less clear structure, al-

though two weak absorption maxima could be observed at ca. 510 and

540 nm, therefore also suggesting a plant-based red, probably madder.

All the purple textiles (MAS.891, MAS.900, 901, 902, 903, 937) and

the more brown-coloured ones (MAS.896 and MAS.949) showed similar

results. They mainly absorbed UV radiation and therefore appeared

dark in UVL images, whereas deep orange and green colours were ob-

served in the IRRFC and UVRFC images, respectively (Fig. 7). All of

them also produced FORS spectra with three absorption maxima at ca.

510, 550 and 595 nm (Fig. 8), which enabled gromwell to be confirmed

as the source of purple colour. The fading of gromwell to a brownish

hue was also in agreement with our ageing experiments.

3.2.2. Polychrome textiles

An additional level of complexity was added to the interpretation of

the MSI images of the polychrome textiles, each containing many

combinations of colours. The acquisition and interpretation of the FORS

spectra were also more difficult, due to the weave of some textiles and

the thinness of some coloured areas. Most textiles showed different

motifs and colours on the front and back, which resulted in contribu-

tions from the colours on the back to the FORS spectra of the colours on

the front and vice versa (Figure S2a-b, Supplementary Information).

MAS.869 and MAS.922 are two examples of the importance of in-

vestigating both the back and the front of these textiles. In addition to

the different designs and colours present, the effects of fading of these

Table 3 (continued)

Object Colour FORS (nm) UVL IRRFC UVRFC Results

MAS.911 brown (ground) 510, 540 dark orange brown plat-based red (madder) and tannins ?

brown (embroidery) 510, 540 dark orange brown plat-based red (madder) and tannins ?

blue 660 blue pink/red green indigo

green 420, 660 lemon yellow pink brown protoberberine-based yellow and indigo

pink featureless pale orange yellow beige safflower ?

orange (back) 520 orange yellow brown safflower

MAS.915 red poorly structured dark orange purple plat-based red, probably madder ?

pink 515 orange yellow brown safflower

light green 440, 660 green pink brown protoberberine-based yellow and indigo

dark green 440, 660 dark green red dark protoberberine-based yellow and indigo

blue 660 blue pink/red green indigo

light blue 660 light blue pink light green indigo

MAS.1130 yellow1 420 lemon yellow white orange protoberberine-based yellow

yellow2 420 yellow white orange protoberberine-based yellow

light yellow featureless beige pale yellow brown unidentified

dark green 420, 660 green pink brown unidentified yellow and indigo

green 420, 660 light green pink brown unidentified yellow and indigo

brown/red 510, 540 dark orange brown plat-based red (probably madder) and tannins

red 510, 540 dark orange purple plat-based red, probably madder

pink 525, 565 dark yellow green insect-based red

purple 510, 540, 660 dark orange purple plat-based red (probably madder) and indigo

blue 660 blue pink/red green indigo

light blue 660 light blue pink light green indigo

Fig. 8. FORS spectra (apparent absorbance) of monochrome textiles MAS.891

(gromwell), MAS.954 (plant-based red, probably madder), MAS.951 (saf-

flower), MAS.890 (unidentified yellow) and MAS.935 (protoberberine-based

yellow). The corresponding textiles are shown in Fig. 7. (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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Fig. 9. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL), c) infrared-reflected false colour (IRRFC) and d) ultraviolet-reflected false colour (UVRFC)

images obtained for MAS.922 (left) and MAS.869 (right). The front (top) and back (bottom) of the textiles are present in each image. MBR and VIVL images are shown

in Figure S3 (Supplementary Information). (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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colours must also be considered. The VIS images of MAS.922 (Fig. 9)

clearly show how the pink and yellow are more intense on the back

than on the front (details in Figure S2d-e, Supplementary Information).

In the UVL images the bright orange luminescence, corresponding to

the pink areas of MAS.922 and the red stripes of MAS.869, revealed the

presence of safflower, confirmed by its distinctive sharp absorption

maximum at ca. 515 nm in the FORS spectra. The red colour of the

petals in MAS.922 appeared to mostly absorb the UV radiation and

produced an unstructured FORS spectrum with an absorption feature at

relatively long wavelengths (ca. 545 nm), which could point towards

the presence of sappanwood (Fig. 12). The distribution of the yellow

colour in the front of MAS.869 (as white and yellow threads alternating

in this area of the textile, Figure S2c, Supplementary Information) ap-

peared clearer in the UV image. The yellow colour exhibited a weak

olive emission in the UVL image, which, when compared with the re-

ference samples, could point towards cape jasmine, saffron or pagoda

tree as possible sources. The lack of features in the corresponding FORS

spectrum suggested the pagoda tree as most probable option, as cape

jasmine would have shown two maxima (445 and 470 nm) according to

the results obtained on the reference samples (Table 2). However, this is

very hypothetical based only on these results.

IRRFC images showed a bright yellow colour in correspondence

with the safflower areas and a deep red-orange for the purple areas in

MAS.869, indicative of the presence of gromwell, as confirmed by its

three distinctive absorption maxima at ca. 510, 550 and 595 nm in the

FORS spectra. IRRFC images were also useful to map the presence of

indigo, both alone and in mixtures with other dyes. The blue areas of

MAS.922, in fact, appeared a bright fuchsia colour in the IRRFC images,

which is typical of indigo [57]. Lighter shades of pink were obtained

when indigo is mixed with yellow to obtain green colours, as for

MAS.869. In the UVRFC images both purple and blue areas appeared

green, which made the distinction between gromwell and indigo diffi-

cult from this image alone. Another useful way of mapping the dis-

tribution of indigo is multiband-reflected (MBR) imaging [57]. Indigo-

containing areas appear white in MBR images. Generally, this is also

true for indigo mixed with other dyes. Therefore, information about

mixtures is lost if compared with IRRFC, but a mixture of a plant-based

red (probably madder) and indigo can be potentially distinguished from

gromwell, as the latter appears a dull grey in MBR images. Never-

theless, attention must be paid, as the concentration of the dyes can

influence the final white/grey shade observed in the processed image.

MBR images of MAS.869 and MAS.922 are shown in Figure S3 (Sup-

plementary Information), and some examples of other textiles are re-

ported in Figs. 10 and 11. The presence of indigo in the blue and green

areas was finally confirmed by the characteristic absorption at ca.

660 nm in the FORS spectra.

MAS.906a-b and MAS.908a-b were more complex textiles. Woven

with a different technique, known as kesi, the designs present very

Fig. 10. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL), c) infrared-reflected false colour (IRRFC), d) ultraviolet-reflected false colour (UVRFC), e)

visible-induced visible luminescence and f) multi-band reflected images obtained for MAS.906-ab (top) and MAS.908-ab (bottom). The areas where FORS mea-

surements were taken are indicated. (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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narrow stripes composed of different colours, as observed by digital

microscopy (Figure S4, Supplementary Information). The very thin

(200–300 μm) nature of some of these stripes meant that the FORS

measurements unavoidably contained contributions from neighbouring

areas, as the FORS probe has a diameter of ca. 1mm. The areas where

FORS measurements were taken are shown in Fig. 10.

Also in this case, UVL images were extremely informative. Two

different sources of yellow, which were not distinguishable in VIS

images, were evident in MAS.906a-b. Yellow1 (A1, Fig. 10) appeared an

olive colour in the UVL image and showed an absorption maximum at

ca. 430 nm, possibly in agreement with the pagoda tree dye. Yellow2

(A7, Fig. 10) exhibited yellow luminescence and an absorption max-

imum at ca. 430 nm, typical of the amur-cork tree dye. Similar ob-

servations as those made for yellow2 were noted for the yellow colour

in MAS908-ab.

A bright orange area (A3, Fig. 10) and a pinker one (A6, Fig. 10)

were also present in MAS.906a. Both these areas showed an intense

yellow-orange luminescence in the UVL images, which may possibly be

produced from a mixture of a protoberberine-based yellow and saf-

flower. This hypothesis was confirmed by FORS, as the spectra obtained

revealed the presence of safflower mixed with a yellow dye (absorption

maxima at ca. 440 and 515 nm, Fig. 12). On the other hand, the pink

colour of MAS.908-ab (B4, Fig. 10) did not show the bright lumines-

cence typical of safflower and the FORS spectrum appeared un-

structured, making faded sappanwood a possible hypothesis for the dye

used in these areas. The VIVL images showed the luminescing dyes in

these textiles even more clearly than the UVL images, especially re-

garding the contrast between the two different yellows in MAS.906a-b.

The pink colour of MAS.908-ab actually appeared quite luminescent in

the VIVL images, and the hue was consistent with faded sappanwood

(Figure S1, Supplementary Information).

Gromwell was again identified as the source of the purple stripes in

MAS.906b from the typical orange and green colours observed in IRRFC

and UVRFC images, respectively, as well as the FORS spectrum showing

the three absorption maxima at ca. 510, 550 and 595 nm. Indigo was

mapped in the IRRFC in both blue and green areas appearing different

shades of pink and its presence was confirmed by the typical absorption

at ca. 660 nm in FORS spectra. These textiles also represented a nice

example of the potential of multiband-reflected (MBR) images in

mapping the distribution of indigo.

Finally, brown areas and stripes were present on these textiles. The

dye used to obtain the colour exhibited absorption in both the UV and

IR ranges, which made these areas appear dark in the corresponding

UVL, UVR and IRR images (IRR image not shown). As a consequence a

dull orange-brown was obtained in IRRFC images and dark brown in

UVRFC images. This, together with quite a featureless FORS spectrum,

was indicative of the presence of tannins used to obtain these brown

colours [57].

3.2.3. Embroideries

Embroidered textiles can be even more complex in terms of non-

invasive investigations, as stitches are applied on a textile ground. Thus,

separating the information coming from the two layers can be chal-

lenging. In our cases, mainly brown and black grounds were used,

which made interferences less significant.

The multispectral images obtained for MAS.911 and MAS.915 are

shown in Fig. 11. MAS.911 was another interesting example of the ef-

fects of fading on the appearance of a textile. The figure of the Buddha

appeared very lightly coloured on the front, whereas a much brighter

pink/orange hue was evident on the back (details in Figure S5, Sup-

plementary Information). UVL images revealed the presence of saf-

flower, confirmed by FORS, but only as a result of the access to the back

of the object, where this was less faded. Similarly, the presence of

safflower was evident in the pink areas of the red flowers of MAS.915.

The aqua colour in MAS.911 also appears greener on the back than on

the front. A mixture of indigo and yellow was identified by FORS, and

the yellow component exhibited a bright yellow luminescence in the

UVL images, enabling it to be identified as a protoberberine-based dye.

Similar results were obtained for the green flower in MAS.915. Both the

light and dark areas were luminescent, showing a green hue. The ob-

served colour was influenced by the luminescence of silk, as visible

from the VIVL images, and the presence of indigo can also partially

Fig. 11. a) Visible-reflected (VIS), b) ultraviolet-luminescence (UVL),c) in-

frared-reflected (IRR) d) infrared-reflected false colour (IRRFC) and e) ultra-

violet-reflected false colour (UVRFC) images obtained for the front and back of

MAS.911 (left) and MAS.915 (right). (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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contribute to the green hue. It is therefore difficult to hypothesise which

kind of protoberberine-based dye is more likely to be present, although

Japanese barberry shows the greenest luminescence. The brown back-

ground in MAS.911 was likely obtained with a tannin-based dye, as

suggested by the high absorption of the UV radiation. However, the

FORS spectrum suggested the presence of a plant-based red (probably

madder), possibly in a mixture with the tannins, as two weak absorp-

tion maxima at ca. 510 and 540 nm were present.

The IRR images of MAS.911 and MAS.915 also showed an inter-

esting result, as dark outlines were visible on both textiles, suggesting

the presence of an IR-absorbing material. Digital microscopy (Figure S5,

Supplementary Information) helped to reveal the gilding of these areas.

However, rather than the use of gold threads, the gilding appeared to

have been applied as a leaf on the top of silk threads using a black

material, which was visible where the gilding was missing. This was the

IR-absorbing, likely carbon-based, material and further investigations

will be performed to identify it and better understand this decorative

technique.

IRRFC, UVRFC, VIVL and MBR images complemented the in-

formation obtained, as already explained in the previous examples and

as shown in Fig. 11.

For completeness of information, some results obtained from

MAS.1130 are worthy of mention. This embroidered textile showed a

similar result to MAS.911 regarding the brown areas, which were likely

to be obtained with a mixture of a plant-based red (probably madder)

and tannins. In addition, this textile showed the only examples ob-

served in the textiles investigated of purple obtained as a mixture of a

plant-based red (probably madder) and indigo (absorption maxima in

the FORS spectra at 510, 540 and 660 nm) and pink obtained from an

insect-based dye, most likely lac dye (absorption maxima in the FORS

spectra at 525 and 565 nm). Some relevant FORS spectra for this textile

and the other textiles discussed above are shown in Fig. 12.

4. Conclusions

Multispectral imaging (MSI) and fibre optic reflectance spectro-

scopy (FORS) were here applied, with the support of colorimetry and

digital microscopy, to a set of reference silk samples dyed with tradi-

tional sources of Asian dyes before and after artificial ageing. This

protocol, firstly applied to investigate dyes in Late Antique textiles from

Egypt [57], was here successfully applied to Asian dyes for the first

time, highlighting its versatility and confirming its potential and lim-

itations.

Turmeric, amur-cork tree, cape jasmine, saffron, pagoda tree and

yellow safflower were the most light-sensitive among the yellow dyes;

sandalwood, sappanwood, red safflower, rosewood and dragon's blood

also showed a high degree of fading after ageing among the red dyes.

The response exhibited by all the dyes in the various multispectral

images (VIS, UVL, IRRFC and UVRFC) was systematically documented

and combined with the absorbance features shown in the FORS spectra.

The creation of this database highlighted that some of these dyes, such

as madder, Indian lac, sappanwood, sandalwood, rosewood, gromwell,

safflower, turmeric, saffron, cape jasmine and protoberberine-based

yellows (amur-cork tree, Japanese barberry and Chinese goldthread)

have a specific combination of responses and/or FORS spectra, which

potentially allows for their non-invasive identification. In addition,

indigo and tannin-containing dyes can also be identified with this ap-

proach, as well as mixtures of these dyes in some cases. By contrast,

other yellow dyes gave very similar results to each other and are not

clearly distinguishable by these techniques. Other important limitations

of this approach emerged. The high concentration of certain dyes on the

fibres can quench the emission of luminescence, as in the case of

madder; the diameter of the FORS probe (1mm) does not allow for

obtaining clean spectra of very thin areas of colour; evidence for the use

of an over-dyeing technique for obtaining mixed colours can be over-

looked, as the underlying dye can also be missed by these surface-re-

sponsive techniques.

Nevertheless, when applied to thirty-one Chinese textiles from

Dunhuang, MSI and FORS succeeded in identifying the main red dyes

(safflower, sappanwood, plant-based and insect-based reds – probably

madder and Indian lac), highlighting the presence of protoberberine-

based yellows, gromwell, indigo and tannins and mapping their dis-

tribution. The results were consistent with the current knowledge of the

use of dyes in ancient central China, but the methods used here provide

a fast and easy-to-interpret way of testing a high number of textiles,

providing a holistic view of the materials present thank to point ana-

lyses and helping to make decisions about display of these precious and

fragile objects.

The information obtained non-invasively was finally extremely

useful to design a sampling campaign, with the aim to complement the

results by molecular analysis using high pressure liquid chromato-

graphy mass spectrometry (HPLC-MS), which is the only method to

Fig. 12. FORS spectra (apparent absorbance) of some particular coloured areas in textiles MAS.869, MAS.906, MAS.922 and MAS.1130.
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unequivocally assess the origin of the dyes. Generally, the results ob-

tained by HPLC-MS were in agreement with the ones obtained non-

invasively. In addition, most yellow dyes were identified, madder spe-

cies were hypothesised in some cases and mixtures of dyes were found

to be more frequent than what emerged from the non-invasive data.

These results and the related creation of a database of mass spectra for

Asian dyes are presented in a separate article.
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