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Abstract This work consists of a scientific documentation of the eighteenth-century Chiadma carpet, currently on display at the
Dar Si Said Museum in Marrakech. It is the earliest known carpet in Morocco, an example of Morocco’s tangible cultural heritage,
commonly known as “Zarbia”. The study included scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) measurements, optical reflectance, 3D fluorescence, surface-enhanced Raman spectroscopy (SERS), and confocal μ-Raman
spectroscopy. Since the few studies carried out on the Moroccan antique carpet heritage have focussed exclusively on the artistic
aspects, the aim of the present work is to apply an integrated and non-destructive analytical approach to characterise the dyes used
and then provide response elements on the dyeing protocol adopted. The wool fibres analysed by electron microscopy showed a
certain degree of degradation/tearing and the presence of some impurities, while EDS allowed the detection of mordants in red and
yellow fibres. In terms of dyes, the analyses highlighted carminic acid from cochineal extract in pinkish red shades, flavonoids from
weld or Daphne gnidium in yellow shades, and natural indigo from Isatis or Indigofera tinctoria in blue shades. Mixtures of yellow
dye plants with either madder or indigo were present in orange-yellow and green colours, respectively. The non-invasive techniques
allowed rapid and real-time analysis, but their specificity was limited in terms of tracing the dyes to their botanical origin, i.e. the
yellow-dyeing plants on aged fibres. On the other hand, the study highlighted the mastery of natural dye processing and provided
relevant data to support any restoration of this prestigious carpet, which has suffered from ancient, non-controlled indoor conditions.

1 Introduction

The ancient Moroccan carpet collections, commonly called “Zarbia”, are a significant part of the Mediterranean movable heritage
[1, 2]. Their scientific documentation is a necessary support for any appropriate restoration respecting the original materials, on the
one hand, and constitutes an objective support for any possible authentication operation on the other hand. The present work relates
to the carpet of Chiadma currently on display at the Dar Si Said Museum in Marrakech (Fig. 1), which is the most ancient carpet
known in Morocco; among the decorative motifs woven into this piece, there is an Arabic script indicating the year 1202 Hegira,
corresponding to 1787 (18th C.). The carpet had suffered from ancient non-controlled indoor conditions, so any future restoration
will undoubtedly require scientific and objective supporting data regarding the dyes used to colour the wool. Historical studies
of dyeing in the Mediterranean region, including Moroccan dyeing practices, report a variety of natural materials used in ancient
tapestry and carpet handicrafts. Hence, to achieve vibrant reds and pinks, the dyers used madder roots and cochineal insects; to
get yellows they used weld (Reseda Luteola), Buckthorn (Rhamnus cathartica), or Daphne (Daphne gnidium), while Indigo from
Indigofera or from local Isatis were used to obtain blue colours [3–7]. In a previous study [8] which examined a similar production
set of carpets, the state of preservation of the fibres was not assessed and the identification of mordants and pink-red dyes was
not achieved. The present study, consisting of an integrated analytical approach, aims to characterise the dyed fibres of the ancient
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Fig. 1 The eighteenth-century
Chiadma carpet displayed at the
Dar Si Said Museum in Marrakech

carpet and to define, as tentatively as possible, the dyeing matters used while preparing the weaving wool. Hence the investigation
combined optical reflectance, 3D fluorescence, and Raman spectroscopies. In addition, the state of preservation of the wool fibres,
together with the detection of possible mordants, was carried out by means of SEM–EDS measurements [9].

In the field of diagnostics and conservation of cultural heritage, in addition to the richness and powerfulness chromatographic
methods capable of identifying a wide array of natural and synthetic colourants [10–12] the development of non-destructive, relevant,
complementary, and relatively rapid analytical techniques to analyse natural dyestuffs has progressed over the last few years [13–15].
While high-performance liquid chromatography (HPLC) analysis can provide deep and valuable information by identifying dyes,
XRF, FORS, Raman, and 3D fluorescence techniques are non-destructive and have the advantage of enabling real-time analysis.
Nevertheless, in some cases, such as indigo, even HPLC appears unable to distinguish between the botanical sources of the dye [11].
In the present case, SERS has been used to confirm and complete the optical spectrometric analyses while characterising the dyes,
and also to corroborate the results obtained by SEM analyses of the fibres. SERS has proved its usefulness while analysing natural
dyes and organic colourants. Even if the technique is less effective with yellow dyes, it is an extremely fast measurement. Moreover,
SERS measurements can be followed by targeted HPLC analysis for greater specificity. In addition, the spectral positions of the
SERS signals can be examined to infer the presence of specific classes of compounds that may be undetectable in the absence of
appropriate reference standards [16–21].

2 Material and methods

2.1 Wool samples

The wool samples consist of loops of a few millimetres in average diameter, collected from the back of the carpet or from overhanging
weaving threads; strict compliance with the integrity of the carpet was observed. In addition to naturally white and naturally black
undyed fibres, the colour palette extends between pink-red, orange-yellow, bright yellow, green, and blue. Table 1 shows the list of
the ten sampled loops together with the CIE/Lab chromatic coordinates measured on.

2.2 Methods

2.2.1 Laboratory wool samples: Pink and red dyeing

The preparation of the reference samples for pink- and red-dyed fibres was performed according to traditional recipes and is described
herein.

• Mordanting:
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Table 1 Chromatic coordinates of
the wool samples*

Sample L* a* b*

MAR-CHI. Undyed white wool 67.1±0.4 3.9±0.3 22.34±0.05

MAR-CHI. Undyed black fibres 22±3 5.0±0.1 6±1

MAR-CHI. Dark pink-red 25.5±0.9 29±1 5.7±0.2

MAR-CHI. Dark orange-yellow 47±1 28±2 33±3

MAR-CHI. Light orange-yellow 51±2 19.8±0.5 41.1±0.5

MAR-CHI. Bright yellow 55.4±0.8 7.2±0.7 46.1±0.1

MAR-CHI. Light green 46±2 −6.93±0.06 6.7±0.2

MAR-CHI. Dark green 40.1±0.5 −8.3±0.6 5.6±0.9

MAR-CHI. Light blue 34±2 −5.5±0.4 −9.40±0.5

MAR-CHI. Dark blue 32.6±0.8 −2.7±0.2 −11±1

* Values averaged over five
measurements along with standard
deviations

A few grams of undyed white wool were washed and scoured thoroughly, then alum mordanted according to common recipes.
• Dyeing baths preparation.

Madder dyeing bath (100% WOF): 5 g of madder root powder are macerated in 400 mL of water for 24 h at room temperature,
then boiled (decoction) for 90 min at a temperature of 90 °C. After filtration, the pH was adjusted to 4,5 by adding white vinegar.
Cochineal dyeing bath (14% WOF): 140 mg of dried and powdered cochineal is macerated in 100 ml of water for 24 h at room
temperature. This mixture is gently heated to 75 °C and held for 15 min. After returning to room temperature, the decoction was
filtered and the pH adjusted to 4.

• Dyeing.
The mordanted wool yarns were moistened and gently placed into the dye bath, which was next slowly heated to about 80 °C
in the case of madder, or 75 °C in the case cochineal. This temperature was maintained for 90 min while the fibres were gently
stirred from time to time. The fibres are then removed from the bath and left to dry in the air, away from light. When dry, the
yarns were washed with clean water and left to air dry.

2.2.2 Colorimetric measurements

The chromatic coordinates L*, a*, and b* of the wool samples were measured using a Konica Minolta CM700d portable spec-
trophotometer operating in the visible spectral range of 400–700 nm; the illuminant used was the D65 one. Measurements were
made without the specular component of the reflection, and values are averages of five measurements.

2.2.3 SEM–EDS measurements

Fibres morphology and composition were analysed with FEI Quanta 200 FEG-ESEM, either in low vacuum and high vacuum
conditions, after metallisation with carbon. Different magnification, voltages and detectors (ETD, Everhart–Thornley detector, and
BSED, backscattered electron detector) were used according to the information to be acquired. The semi-quantitative elemental
composition, expressed as weight percentages, was determined using EDS analysis by an energy-dispersive X-ray spectrometer
EDAX genesis, using an accelerating voltage of 20 keV with the application of the ZAF correction method to account for matrix
effects.

2.2.4 Optical reflectance

Optical reflectance spectra were measured in the 200–900 nm spectral range using a Jasco UV/VIS/NIR V- 570 laboratory spec-
trometer equipped with an ILN-472 double-window integrating sphere. The reference is a barium sulphate plate. The measured
reflectance was converted into F(R) remission function, relating the absorption coefficient K and the scattering coefficient S accord-
ing to the Kubelka–Munk equation F(R) � (1-R)2 /2R � K/S [22], where R represents the relative diffuse reflectance to barium
sulphate taken as reference.

2.2.5 3D fluorescence

3D fluorescence spectra were collected on a Shimadzu RF-5301 PC laboratory spectrofluorimeter over the 300–700 nm emission
range as a continuous scan, with excitation varying from 250 to 650 nm in 5 nm steps. During the measurements, the wool sample
is placed on the fixed sample holder in the sample chamber; an IHU310 filter is inserted in the emission path to minimise stray
light. Depending on the sample, the slit widths were varied from 1.5 to 3.0 nm in excitation and from 3.0 to 5.0 nm in emission;
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to avoid any false reproduction of emission peaks on a 3D fluorescence landscape, the slits were kept unchanged throughout the
measurement. The 3D fluorescence spectra are presented in the form of 2D excitation–emission matrices, commonly referred to as
EEMs (excitation–emission matrices). The intensities are colour-coded from blue to red in an ascending order of values. In these
2D matrices, each fluorescence peak is identified by the excitation and emission wavelength pair noted λexc./λem.

2.2.6 Raman measurements

Raman and SERS analyses have been realised with the Raman Invia by Renishaw RM 2000 instrument coupled with an optical
Leica DLML microscope, equipped with a NPLAN objective 50X (Raman) and 20X (SERS). The spectrometer consists of a single
grating monochromator (1200/1800 lines mm−1), coupled with a CCD detector, a RenCam 578×400 pixels (22 μm×22 μm)
cooled by a Peltier element. The excitation wavelength was obtained, respectively, by a Nd:YAG laser at 532 nm, a He–Ne laser at
633 nm, and a diode laser at 785 nm. For SERS measurements, only the 532 nm line was selected. Typical measurements conditions
were 10 s integration time and 1 accumulation with a laser power at the sample lower than 0.1 mW for both lasers. The spectral
calibration of the instrument was performed on the 520.5 cm−1 band of a pure silicon crystal. For SERS analyses a citrate-reduced
silver colloid was obtained according to Lee and Meisel [23]. Prior to SERS analysis, the dyes were extracted from approx. 1–2 mg
of wool sample suspended in 50 μL of 0.5 M oxalic acid/methanol/acetone/water (1:30:40:40 v/v/v/v) solution and ultrasonicated
for 30 min at 60 °C. For SERS analysis, 5 μL of the colloidal Ag solution (10×) was mixed with 1 μL of sample extract and 1 μL
of 2 M KNO3 (aggregating agent), a drop was then deposited on a microscope glass slide. Spectra were acquired immediately by
focussing on the top of the drop.

3 Results and discussion

3.1 State of conservation

Before characterising the dyes and the mordants, carpet fibres were examined using SEM. This revealed the scale surface typical
of wool (Fig. 2), with occasional visualisation of the internal cortex (see below). Many fibres exhibited surface roughening and
scale loss due to wear and weathering [24] Some showed embrittlement, leading to cracks upon bending or stretching, and in one
instance (Fig. 3c), complete loss of the outer layer, exposing the fibrils. These degradation signs likely resulted from past display
and storage in uncontrolled temperature and humidity, poor handling, and insecticide treatments before being housed in the Dar Si
Said Museum under highly controlled indoor conditions [25]. Mordant and dye application could also contribute to roughness [26,
27]. Most samples displayed calcification and impurity deposits, which were analysed by EDS (Table S1). While all fibres contained
trace elements common in wool (Na, K, Mg, Al, Si, S, Cl, Ca, Fe, Cu, Zn) [28], higher quantities are indicative of contaminants, also
visible in SEM images. The widespread presence of calcium could be related to salts used in dyeing to improve absorption (CaO,
CaCO3, Ca(OH)2) or its natural presence in dye plants, or from environmental contaminants due to the decomposition of rendering,
cement, and wall plasters [29]. However, regarding the different coloured fibres, some dissimilarities can be evidenced. Red fibres
(MAR-CHI.Pink-red; Fig. 2e) show signs of degradation, while as far as blue and green fibres (Figs. 2f, g, h, i) are concerned,
stiffness and roughness can also be observed, but they show less contamination. This is confirmed by the EDS analysis where only
small amounts of elements can be detected. Yellow fibres present a more complicated situation, especially MAR-CHI.Bright yellow
(Fig. 2m). They are all characterised by stiffness and typical structural loss. MAR-CHI.Dark orange-yellow (Figs. 2j, k) shows the
presence of contaminants and/or salts used in the colouration process (likely NaCl, CaSO4, other Ca salts). It is worth noting that
the age-related degradation of wool fibres in historic textiles is strongly influenced by the type of dyes and mordants used. Dyes,
especially natural dyes, can contribute to photodegradation depending on their chemical structure and bonding. These interactions
result in different patterns of alteration in proteinaceous fibres [30].

Undyed white wool fibres still showed the typical scale structure, albeit with some abrasion, roughness, and particle deposits,
mainly composed of Ca and S, suggesting calcium sulphate, other calcium salts (carbonates), and clays as contaminants. The Raman
spectra of this sample (Fig. 3) are typical of aged wool, showing the classic degradation of the wool fibre testified by the gradually
decreases in intensity of the peaks and by the appearance of a new band at 1040 cm−1 revealing the oxidation in the cystine residues
and the formation of S–O of cysteic acid [31].

The SEM analyses of black fibres (Fig. 2d) show stiffness and calcification signs, with fractures and abrasions. Looking at the
samples (Figure S1), a striking difference in texture between the black fibres and the other fibres is immediately apparent. In particular,
the black fibres are straight, shiny, and untwisted; their appearance under the microscope aligns with the one reported recently for
black goat fibres [32]. Additionally, their reflectance spectra recorded in the 380–800 nm range as well as their fluorescence ones at
selected excitation wavelengths (Figure S2) appear remarkably identical, further supporting the absence of any intentionally applied
black dye. Nevertheless, a more rigorous characterisation of natural pigmentation, especially the detection of eumelanin pigment
grains that typically appear as ellipsoidal organelles within the black fibre structure [33], would require transmitted light microscopy
of whole mounts, as previously reported by Scharff [34]. Unfortunately, in the present case, this technique was not available. EDS
measurements, in addition to Ca and S (main) and minor elements, show the presence of Na and Cl (1:1), possibly sodium chloride.
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Fig. 2 SEM micrographs of fibres
registered with ETD detector
(secondary electrons) at different
voltages and magnifications:
undyed white wool (a, b, c),
undyed black fibre (d), dark
pink-red fibre (e), light green (f),
dark green (g), light blue (h), dark
blue (i), light orange-yellow (l),
bright yellow (m). In (j) and
(k) images of dark orange-yellow
fibre registered, respectively, with
ETD and BSED (backscattered
electrons) are compared

The analysis of the white crystal highlighted a different composition, related to the presence of a magnesium aluminium silicate, a
clay.

3.2 Dyes identification

In the following part, the results will be presented and interpreted colour-by-colour. The idea is to demonstrate that it is possible to
characterise the dyes using completely non-destructive techniques. For the identification of the dyes, absorption and fluorescence
measurements have been supported by SERS ones.
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Fig. 3 Raman spectrum of
MAR-CHI. Undyed white wool
sample (λ � 785 nm): the main
peaks of the wool are detectable,
such as the presence of the band at
512 cm−1 due to S–S disulphide
bridge coming from cysteine or
the amide I band connected with C
� O vibrations of carbonyl groups
occurring in the range of
1600–1690 cm−1. Moreover, the
CH2 bending at 1460 cm−1 and
the amide III band in the range of
1220–1300 cm−1 are still visible.
In the inset, in red is the peak due
to oxidation in the cystine residues
and formation of S–O of cysteic
acid

3.2.1 Undyed wool

In the case of the undyed white wool sample, the reflectance spectrum (Fig. 4a, black line) consists of a broad band centred around
300 nm, characteristic of wool. The non-negligible absorbance in the 400–600 nm spectral range is most likely caused by a colour
shift, from white to yellow, induced by a probable ancient exposure of the wool to sunlight [35]. This yellowish appearance is also
reflected in the colour coordinates measured on the undyed white samples (Table 1).

In 3D fluorescence (Fig. 5), the excitation–emission matrix shows only the intrinsic fluorescence of the wool substrate, located
at λexc. (380 nm)/λem. (450 nm); this result is fully consistent with those reported in the literature [36].

3.2.2 Pink-red

The carpet shows a single shade of red, labelled MAR-CHI.Dark pink-red; the reflectance spectrum converted into K/S remission
function (Fig. 4b) is in good agreement with that one collected on a laboratory wool sample dyed with cochineal red and mordanted
with alum. In addition to the band around 300 nm due to the wool intrinsic absorption, these spectra are characteristic of the carminic
acid featured by a broad band extending from 400 to 700 nm and a clear vibrational structure at 480, 525, and 565 nm [37, 38].
Carminic acid is a natural dye that belongs to the anthraquinone family extracted from the cochineal insect (Dactylopius coccus); its
chemical structure consists of a core anthraquinone molecule with glycosidic units attached to it (Figure S3). This finding suggests
that the pink-red dyeing of the Chiadma carpet was achieved with the extract of the cochineal insect. This colouring matter, very
common among ancient dyers, was introduced in the Mediterranean region in the sixteenth century to replace the kermes due to its
strong colouring power [39]. The dye is characterised by its broad ππ* absorption extending from 350 to 500 nm and by its nπ*
sub-bands located around 530 and 560 nm [40]. Although analyses have not been able to identify the species of the insect used
(Dactylopius coccus, Porphyrophora polonica, or Hamelii), cochineal (Dactylopius coccus) is most likely to have been used for this
specific carpet production, given the ease of supply from Spain and the Canary Islands, where the insect was cultivated on a large
scale in the eighteenth and early nineteenth centuries. Geographical proximity made trade regular, and the carmine red pigment was
available to Moroccan artisans, especially for dyeing luxury fabrics.

The excitation–emission matrix recorded on this dark pink-red wool sample (Fig. 5) confirms the identification of the red dye;
besides the wool intrinsic fluorescence peak located around λexc. (380 nm) /λem. (450 nm), a second fluorescence area extended
in the λexc. (470–520 nm) / λem. (570–700 nm) spectral region is also observed. This fluorescence landscape is very close to that
one collected on the laboratory sample dyed with cochineal red and also reported in other studies [15]. Nevertheless, depending
on the wool dyeing protocol and the origin of the insect, the fluorescence peak of the cochineal extract may show some shift in its
maximum [15]. SERS spectrum of the pink-red sample (Fig. 6) confirms the typical pattern of the main component of carminic acid
[19], characterised by the signals emerging at 1640, 1582, 1327, 1225, 1070, and 452 cm−1. It is worth noting that in principle, SERS
is capable of distinguishing between the principal molecular components of anthraquinone-based dyes, such as alizarin, purpurin,
kermesic acid, carminic acid, and laccaic acid. However, when these compounds are present as mixtures within a sample, the resulting
SERS spectrum is not a simple additive combination of the individual spectra. Instead, it is often dominated by the compound with
the highest SERS cross section, even when present at relatively low concentrations compared to the other constituents. So, even if
SERS results corroborated the previous analyses, a possible mixture remains a possibility that cannot be fully discarded based on
these results.
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Fig. 4 Normalised K/S remission functions derived from reflectance spectra. a yellow samples, in comparison with the spectrum collected on a laboratory
wool sample yellow-dyed with weld, b red samples, in comparison with the spectra collected on two laboratory wool samples dyed with either cochineal or
madder extracts, c blue samples, and d green samples

3.2.3 Yellow shades

The carpet shows three shades of yellow: bright yellow, light orange-yellow, and dark orange-yellow. In the following part, the
results are presented separately.

Bright yellow As for the yellow dye, it is known that ancient Moroccan dyers used Reseda luteola, sea buckthorn (Rhamnus
cathartica), or Daphne gnidium [3, 4, 41] to achieve yellow dyeing of wool. However, in this carpet, it is possible to hypothesise the
use of weld as a dyeing plant; it is a biennial herbaceous plant of the Reseda family cultivated in several areas of the Mediterranean
region. Indeed, the reflectance spectrum measured on the bright yellow wool samples, labelled MAR-CHI.Bright yellow (Fig. 4a),
showing a maximum around 380 nm, is comparable with the reflectance spectrum recorded on a laboratory wool sample yellow-dyed
with weld extract, and also with those reported in literature for the luteolin/apigenin flavonoid dyes [42]. Luteolin and apigenin
(Figure S3) are the main components in the Reseda luteola plant. On another side, the fluorescence peak observed in the λexc.
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Fig. 5 Excitation–emission
matrices collected on the wool
samples, in comparison with the
matrices collected on two
laboratory wool samples dyed
with either cochineal or madder
extracts. The arrows connect the
emission peaks observed in the
case of the sampled coloured
wools with those exhibited by the
laboratory samples. Yellow arrow
corresponds to luteolin
fluorescence signal. Red arrows
correspond to alizarin (purpurin)
fluorescence signal

(440–460 nm)/λem. (520–550 nm) area (Fig. 5) is in line with the emission reported for Reseda luteola [42, 43]. This yellow-dyeing
plant was the favoured one by ancient Moroccan dyers due to its availability, safety, and fastness; it was commonly known as
"AL-Lirun" or "Choual lakhrouf" depending on the region [44]. Although Daphne gnidium was known for its toxicity, in the present
case, its use as a yellow dye plant cannot be completely excluded since the plant contains seven flavonoids including luteolin and
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Fig. 6 Comparison between SERS
spectra of pink-red fibres (black)
and reference carminic acid (red),
showing a good correspondence
with the main bands of carminic
acid

apigenin [45]. Buckthorn can be discarded in the present case; its absorption maximum is largely red-shifted compared to that
observed in the present light yellow sample; textiles dyed with buckthorn present absorption maxima between 420 and 450 nm [14,
46].

Overall, although historical data and spectrometric results support the use of weld to achieve the bright yellow colour, objectively
the identification of yellow flavonoids by non-invasive techniques is always problematic. Different flavonoids show good agreement
with each other, making discrimination difficult. Therefore, an accurate identification of yellow pigments requires discriminatory
analyses such as chromatographic measurements.

Light and dark orange-yellows Two shades of orange-yellow are noticed on the carpet; they are labelled MAR-CHI.Dark orange-
yellow and MAR-CHI.Light orange-yellow. The reflectance spectra in K/S and the excitation–emission matrices measured on
both orange-yellows are, respectively, shown in Figs. 4a and 5. In addition to the wool intrinsic signal located around 290–300
nm, the reflectance spectra exhibit second and third parts observed in the regions 370–380 nm and 400–630 nm, which are due
to the dyeing matter fixed by the wool substrate. While the second reflectance signal coincides with the reflectance one already
observed in the bright yellow and attributed to flavonoids from a yellow-dyeing plant, the third reflectance band may allude to
madder anthraquinones, from Rubia species, in which alizarin (Figure S3), also known as 1,2-dihydroxyanthraquinone, is the
most important dyeing component responsible for the red colour of the dye. It is worth noting that, excepting a relative blue shift
highlighted in alizarin reflectance spectrum in comparison with carminic acid spectrum, the madder reflectance signal is very similar
to that collected on cochineal extract [47]. On another side, the excitation–emission landscapes, in agreement with the reflectance
signals, also exhibit three overlapped emission areas. The first and second regions around λexc. (380 nm)/ λem. (450 nm) and λexc.
(440–460 nm)/λem. (520–540 nm) correspond, respectively, to the wool intrinsic fluorescence and to a flavonoid-like fluorescence
that is already observed in the bright yellow samples. The third fluorescence area consisting of a broad peak extending in the range
λexc. (470–540 nm)/λem. (550–650 nm) can be associated with alizarin and purpurin anthraquinones undoubtedly from madder as
reported in other works [15, 48]; nevertheless, depending on the plant source and preparation procedures, these wavelengths can vary
by 10 nm or more. This wide fluorescence is in concordance with the third structure observed on the reflectance spectra. Furthermore,
all these reflectance and fluorescence third structures are, respectively, recovered on the reflectance spectrum and the fluorescence
matrix recorded on a laboratory wool sample red-dyed with madder (Figs. 4a, b and 5). This sample, mordanted with alum, shows an
absorption extending in the range 380–630 nm and a broad fluorescence located around 600 nm. Thus, it seems that the orange-yellow
colour was obtained by combining a yellow-dyeing plant, probably weld or Daphne Gnidium, with the red dyeing madder (Rubia
tinctorum L.). In the present case, the reflectance spectra indicate that varying the shades consists in varying the relative proportions
of madder with respect to weld in the dyeing bath; the shift from light orange-yellow to dark orange-yellow shades seems to follow
the ratio of madder to weld. The practice of mixing dyes was common among ancient dyers to enrich their colour palettes [49].
However, the present investigations do not reveal whether this was a two-stage dyeing process with successive colourations or only
a single-stage mixture dyeing process. Unfortunately, with the exception of the MAR-CHI Dark orange-yellow sample, the SERS
measurements did not generally yield interesting results for the yellow shades; this is probably due to the considerable number of
existing botanical species, their presence in plants in glycosidic form, and the fact that many extraction methods are too aggressive
and break these bonds, with the consequent loss of valuable information for identification. In addition, many natural yellow dyes,
such as flavonoids, have inherently weak Raman scattering cross sections. Moreover, SERS relies on the adsorption of molecules
onto the metal nanoparticle surface and many yellow dyes have low affinity for gold or silver. Natural yellow dyes often have very
similar chemical structures, leading to overlapping SERS spectra, and they often exist as complex mixtures of parent compounds,
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Fig. 7 SERS spectrum of dark
orange-yellow fibres: in brown the
peaks related to luteolin glucoside,
in red to alizarin

glycosides, and degradation products, especially in aged samples. Lastly, there is a limited number of well-characterised SERS
reference spectra for natural yellow dyes under standardised conditions, which complicates identification and comparison [50, 51].

However, the SERS spectrum of orange-yellow fibre (Fig. 7) shows the typical bands of luteolin glucoside (labelled in brown)
and alizarin (labelled in red) [52], verifying the assignation made with the optical techniques; in particular, the reference signal
of alizarin is visible at 1474m, 1454vs, 1422m, 1322vs, 1291s, 1157 m, 1047w, 1014w, 631w, and 340w cm−1, while, even if
the rather broad band around 1550 cm−1, still ascribable to the alizarin, tends to cover some peaks of luteolin. Nevertheless, the
characteristic bands of luteolin glucoside at 1572vs, 1230s, 1126sh, 946m, 599m, and 511m cm−1 are detectable, and all the peaks
at low wavenumbers allow to identify it.

3.2.4 Blue colours

The Chiadma carpet displays two shades of blue, a light blue (MAR-CHI.Light blue) and a dark blue (MAR-CHI.Dark blue). The
difference in brightness between the two shades is clearly discernible on the measured colour coordinates (L*(MAR-CHI.Light
blue) � 34 and L*(MAR-CHI.Dark blue) � 32). In reflectance (Fig. 4c), besides the band intrinsic to the wool substrate located at
about 300 nm, the K/S function reveals another broad band, extended from 430 to 740 nm, characteristic of indigo dye [49, 53];
this is the lowest energy band with ππ* character [54]. The observed difference in the blue colour strength, in term of K/S, could
be explained by either the dye baths prepared at different pHs [54] or the number of dye baths performed. In this case, indigo is
obviously the natural one; the chemical synthesis dates back to 1882 [55], a century after the Chiadma carpet was woven. Indigo can
be obtained from either Indigofera or Isatis. However, in the eighteenth century, Morocco was involved in trade between India and
Europe; various goods such as textiles, spices, and other products from India passed through Moroccan ports. Among these goods,
India exported indigo to Europe on a large scale [56]. It is therefore highly likely that the indigo identified in this eighteenth-century
carpet came from India and was therefore extracted from the Indigofera plant.

Raman scattering measurements (Fig. 8) on blue fibres confirm the use of indigo in the blue dyeing. The vibrational signal at
1575 (~ 1582) cm−1 corresponds to the C–C stretching vibration frequency of the benzene ring, while the signals observed at 541
and 594 cm−1 correspond to the vibrations of the penta-cycle of the indigo molecule [57].

3.2.5 Green shades

There are two green shades, a dark green and a light green, clearly discernible by their chromatic coordinates (L*(MAR-CHI.Light
green) � 46 and L* (MAR-CHI.Dark green) � 40). Figure 4d shows their corresponding K/S reflectance spectra along with those
measured on the bright yellow and blue wool samples. The lowest energy part of the spectrum, extending from 480 to 740 nm,
coincides perfectly with the first ππ* band of indigo previously identified in the case of the blue-dyed fibres. The higher energy
part, between 480 and 200 nm, is broad and poorly resolved; it appears as the juxtaposition of the wool intrinsic absorption band
around 300 nm and another broad absorption band extending in the spectral range 390–500 nm. The latter seems attributable to
an overlap between the second indigo absorption band around 420 nm and the flavonoids-like absorption around 370 nm. The
excitation–emission matrices recorded on both green samples (Fig. 5) show, in addition to the wool intrinsic fluorescence signal
around 450 nm, a low-intensity fluorescence edge extending towards λexc. (450 nm)/λem. (520–540 nm), and very comparable
to that observed in the case of the bright yellow samples, attributed to flavonoids. Moreover, the Raman spectra measured on the
green fibres (Fig. 8) reveal perfectly the indigo Raman bands described above. Unfortunately, neither the Raman excitation line at
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Fig. 8 Raman spectra measured
on isolated wool fibres:
MAR-CHI. Dark blue, in blue and
MAR-CHI.Dark green, in green

785 nm nor the SERS analysis revealed any distinguishable vibrational signals that might be associated with another dye component.
However, it is possible to hypothesise that the green colours were obtained by using a two-step dyeing protocol consisting of a first
yellow dyeing followed by a second blue dyeing as reported in the literature [58]; while the indigo is clearly identified, the measured
spectra did not allow a clear characterisation of the yellow dye. The two green shades observed could be due to different sequencing
protocols for the yellow and blue baths, or to the use of different yellow dye plants. The green shades vary considerably depending
on the yellow dye plants and sources, as well as the dyeing steps performed [59].

3.3 Mordants identification

Relative quantities of significant elements measured whit EDS (Table S1), such as Al/K for alum presence or Al/Si to exclude Al
deriving only from clay/dust [9], and the comparison with the detected dyes and the related colouring process (requiring mordant or
not) were used to hypothesise the possible presence of mordants. In general, it should be noted that even small amounts of elements
can be indicative of mordant’s use, since dyeing process and ageing (particularly in not controlled environmental conditions) can
lead, respectively, to washing or release of mordants [60]. In the blue fibres the very small quantities of Al and Cu, where present,
should be more likely attributed to the wool itself or to contaminants, since indigo dyeing process does not involve the use of
mordant, so its presence can be ruled out. In green fibres, the microanalysis shows also a small quantity of aluminium with respect
to Si (ratio around 1:2.5) and the absence of K, thus excluding the use of alum. However, in this case the use mordant cannot be
definitely ascertained nor excluded: the small quantities of Cu and Fe might be due to the use of the related sulphates. On the contrary
in red fibres (MAR-CHI.Pink-red) the Al/Si ratio may account for the presence of Al. Lastly, the analysis of the MAR-CHI.Dark
orange-yellow reveals small amounts of Al, Cu, and Fe (less than 1%) that could be tentatively assigned to the presence of mordants.
MAR-CHI.Light orange-yellow and MAR-CHI.Bright yellow instead show the possible presence of a mordant based on FeSO4

and/or CuSO4. Copper can also derive from either a copper vessel in the wool dyeing process or the use of blue vitriol to modulate
and nuance the final colour [61]. In addition, the fibres show a lot of Ca, but it is difficult to ascertain the form in which it is present
(maybe some sulphate and chloride, carbonates). MAR-CHI.Bright yellow is characterised by a great inhomogeneity that makes
the interpretation of the data not so straightforward.

4 Conclusion

The present work consisted of the scientific documentation of the eighteenth-century carpet of Chiadma on display at the Dar
Si Said Museum of Marrakech. Through the combination of optical reflectance and 3D fluorescence, supported by Raman/SERS
spectroscopy and held up by bibliographic data and laboratory dyeing assays, all natural dyes used for wool colouring have been
characterised. The analyses allowed to hypothesise that carminic acid from cochineal extract was used in pink-red, flavonoids from
weld or Daphne gnidium in yellow shades, and natural indigo from Isatis or Indigofera tinctoria in blue colours. Mixtures of yellow-
dyeing plants with either madder or indigo were emphasised in orange-yellow and green shades, respectively. On another side,
SEM measurements allowed to determine the conditions of the fibres. All show signs of degradation and most show the presence of
impurities due to contamination or from the dyeing process. EDS microchemical analysis allowed to identify the probable presence
of mordants in yellows (most likely FeSO4 or CuSO4), the possible use of alum in red, while, as expected, no signs of mordant
presence were detected in blue fibres.
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The study provided relevant data to support any restoration of this prestigious eighteenth-century Mediterranean carpet which
had suffered from ancient non-controlled indoor conditions. Moreover, the results obtained will undoubtedly be helpful for young
artisans to create eco-friendly works of carpet art, thus revitalising the intangible heritage of traditional carpet manufacture.

In terms of the strengths and limitations of the approach adopted in this study, despite the advantage of its rapidity and non-
invasive character, an accurate identification of the botanical sources of the natural dyes remains challenging due to similarities
in absorption and fluorescence spectra, especially in the case of flavonoid yellow dyes. However, when used in a complementary
framework, non-invasive analysis can guide targeted sampling for chromatographic study, thus optimising the balance between
analytical precision and conservation ethics in heritage science.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/epjp/s13360-025-06628-y.
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