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tion of natural dyes in historic and
prehistoric textiles by flowprobe™-ESI-HRMS†

Annemarie E. Kramell,a Alexander O. Brachmann,b Ralph Kluge,a Jörn Pielb

and René Csuk*a

Dyestuff analyses were performed directly from the surface of different bluish and reddish colored historic

textile samples by flowprobe™-electrospray ionization-high-resolution mass spectrometry (flowprobe™-

ESI-HRMS). This real-time in situ microextraction method allowed rapid, reliable and minimal-destructive

analysis without extra and time-consuming sample preparation and required only a minimum amount of

valuable archaeological material. As demonstrated for indigo-type and anthraquinone dyes this

technique is useful for the analysis of various types of textiles regardless of their fiber matrix, appearance

or handicraft and is also suitable for investigating fragile archeological fibers. Thus, flowprobe™-ESI-

HRMS is a promising analytical tool for characterizing organic colorants in objects of archaeological

interest.
1. Introduction

Historic and prehistoric textiles are among the most precious
but also most rare artifacts of ancient cultures – oen long
gone, neglected and even forgotten. Knowledge about these
cultures and their daily lifestyle seems important to understand
historic developments, progress in science and technology but
also to comprehend why ancient cultures sometimes vanished.
Usually, the number and amount of available samples are small,
and special ways of investigation are called for. Therefore, mass
spectrometry (MS) is unquestionably one of the most powerful
tools in modern archaeometry1,2 to examine the artifacts from
archaeological excavations and nding sites. In this context,
investigating natural dyes in historic textiles is one of the
central parts of this research. The identication of colorants is
essential for the conservation and restauration of these objects.
In addition, information about colorants help to understand
ancient technologies and cultural exchanges. They also help
answering questions concerning the social status of the bearers
of clothes.3

Our ancestors used a wide range of organic dyestuffs for
coloring different ber materials.4–6 Therefore, techniques used
to characterize dyestuffs should enable the detection of organic
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molecules of different dyestuff classes regardless of the used
ber material or the properties of the sample. Detecting dyes in
historic textiles is a difficult problem, because archaeologic
textiles are unique, precious and oen very fragile. Usually only
very small samples are provided for different analytic purposes
(e.g. ber analysis, 14C-dating, dyestuff analysis). Besides, the
dye components form only a small fraction of the mass of the
sample as compared to the mass of the bers. Thus, the chal-
lenging task is to detect an analyte in low concentration in
a small sample if possible without destroying the sample. Also,
the conservation status of the historic textiles plays an impor-
tant role, because different chemical, photochemical or micro-
biological aging complicate detecting the dyestuff.

First references and conclusions concerning the colorants
can be obtained from minimal- or non-destructive spectro-
scopic techniques such as visible reectance, Raman or ATR-IR
spectroscopy.7–9 Nonetheless, signals originating from ber
materials, degradation products etc. oen also contribute to the
measuring signal, and resulting interferences complicate the
identication of coloring materials. In addition, natural dyes
are usually a mixture of structurally similar compounds.
However, in situ spectroscopic methods are of only limited value
for the characterization of mixtures of dyestuffs or unknown dye
components.

In the past decades chromatographic methods, e.g. (U)HPLC-
DAD [(ultra) high performance liquid chromatography -diode
array detection], (U)HPLC-ESI-MS/MS [(U)HPLC-electrospray
ionization tandem mass spectrometry] or HPLC-APCI-MS/MS
(HPLC-atmospheric pressure chemical ionization tandem
mass spectrometry) were established as standard methods for
organic dyestuff analysis; all of them require a previous
extraction of the dyes from the bers.10–17 Usually, these
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra27842f&domain=pdf&date_stamp=2017-02-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27842f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007021


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
1:

17
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
extractions are a time-consuming preparation step, and rather
harsh conditions (for example, treating with hydrochloric acid
at 100 �C (ref. 18)) are necessary to remove the dyes from the
bers. Occasionally it is even necessary to combine different
extraction methods to get an optimal result, especially when the
coloration consists of different classes of dyestuff. However,
extraction steps are oen limited by the available amount of the
archaeological samples, and harsh extraction conditions may
result in a decomposition of the dyes or lead to structural
changes of sensitive dyes. For example, using hydrochloric acid
has been shown to cause structural changes for the neo-
avonoids hematein and brazilein.18

Nowadays, techniques based on direct mass spectrometry
such as LDI (laser desorption/ionization)-MS,19 TOF-SIMS (time-
of-ight secondary ion mass spectrometry),9,20 DART (direct
analysis in real time)-MS21,22 and ASAP (atmospheric solids
analysis probe)-MS23 become popular. These methods allow the
analysis of dyestuffs directly from the archaeological ber. They
need only small amounts of sample and avoid the disadvan-
tages of the above mentioned extractive methods. Interestingly,
the use of direct MS methods including in situ extractions, for
example DESI (desorption electrospray ionization)- and LMJ-
SSP (liquid microjunction surface sampling probe)-MS, for
dyestuff analyses of ancient textiles was until now not reported,
although these methods were successfully applied in
biochemical and forensic research.24–31

In this study, we present the rst rapid and minimally
invasive dyestuff analysis under ambient conditions through
real-time in situ microextractions of bers by owprobe™-ESI-
HRMS (high-resolution MS), a commercial LMJ-SSP device
coupled with an Orbitrap mass analyzer. This system uses a pair
of coaxial capillaries (probe outer diameter ¼ 630 mm) being
positioned close to the surface of the examined object. A
continuous solvent ow forms a liquid microjunction between
the probe and the sample surface and delivers the extractable
analytes to the ESI mass spectrometer (for a detailed descrip-
tion, see (ref. 27) and Fig. S1†). Thus, dyestuff analyses were
performed directly from bluish and reddish colored archaeo-
logical bers. The studied samples consisted of wool, silk and
cotton and have been colored with indigo-type and anthraqui-
none dyes; these colorants represent the most important
“ancient” natural organic dyestuffs to create blue and red hues.
The archaeological objects of this investigation originated from
different cultures and continents and cover a time span from 1st
millennium BC to the 15th or 16th century. Thus, the historic
bers differed in material, age, conservation status and
workmanship.

2. Results and discussion

In a recent study we applied ASAP-MS23 for the direct charac-
terization of indigoid dyes in various historic textiles. However,
rather harsh conditions of the ionization process were unsuit-
able for detecting (quasi)molecular ions of more sensitive
colorants, e.g. carminic acid. In these cases only fragment ions
were observed which did not allow the unequivocal identica-
tion of the dyes. Compared to ASAP-MS, DESI-MS and
This journal is © The Royal Society of Chemistry 2017
owprobe™-ESI-MS use signicantly milder ionization condi-
tions (for a comparison of the ASAP- and owprobe™-ESI-MS
spectra, see Fig. S2†). Therefore, both methods were tested for
detecting indigoid and anthraquinone dyes on textile bers.
Surprisingly, no stable signals of the colorants were observed in
the DESI-MS experiments, while the owprobe™-ESI-MS
method turned out to be the method of choice for the detec-
tion of both dyestuff types (see below).
2.1 In situ microextraction via owprobe™ HRMS

In a rst step, the ionizability and extractability of genuine
standard compounds (different indigo-type and anthraquinone
colorants) was tested. The experimental setup was optimized,
followed by a thoroughly investigation of reference bers
[undyed wool, silk and linen followed by bers dyed with
synthetic indigo, alizarin, purpurin, woad (Isatis tinctoria L.),
madder (Rubia tinctorum L.) or with food colorant E120 (extract
of the scale insect Dactylopius coccus Costa)]. Finally, bunches of
bers or tiny yarn fragments of red and blue colored archaeo-
logical textiles originating from ancient Peru and China (Table
1, samples A–G) were analyzed.

The investigations were performed without any extra sample
preparation; thus, the bers were simply xed on a conventional
glass slide by wetting with a drop of solvent, and characteristic
dyestuff signals could be detected within a few seconds
(Fig. S3†). The extraction wasmonitored over a period of about 2
minutes for enhanced signal-to-noise and to prevent any
discrimination of compounds with a poorer extractability.
Thus, the complete analysis including sample preparation and
measuring takes less than 5 minutes which is in contrast to the
time-consuming extractions (LC-MS).32

A typical owprobe™ HRMS spectrum of red wool bers
dyed with an extract of the scale insect Dactylopius coccus Costa
is displayed in Fig. 1. This spectrum shows an intense peak at
m/z 491.0834 ([M–H]�), assigned to the main colorant carminic
acid and isomers such as dcIV and dcVII (dcIV: 7-C-a-D-gluco-
furanoside of kermesic acid; dcVII: 7-C-b-D-glucofuranoside of
kermesic acid41,42). Also, minor components of the cochineal
dye were detected with lower intensities, e.g. kermesic acid,
avokermesic acid and dcII-like compounds (dcII is the 7-C-a-D-
glucopyranoside of avokermesic acid41).

The dyestuffs detected in the historic samples by ow-
probe™ HRMS are summarized in Table 1 and the respective
structures are shown in Scheme 1. Signals of the corresponding
(quasi)molecular ions were observed in all cases with high mass
accuracy (error # 1.5 ppm, Table S1†). The composition of the
detected compounds allowed easy determination of the dye
sources (plants or scale insects) used for the coloration of the
ancient textiles (see below). Furthermore, the results were
conrmed by HPLC-MS/MS and HPLC-DAD investigations,
which additionally enabled the identication of isomers by
comparing the spectra and retention times with those of
authentic reference compounds (Table 1).

For example, HRMS spectra of the red-shaded historic
samples A, E (Fig. 2) and F were similar to those of reference
bers dyed with madder and were dominated by signals of
RSC Adv., 2017, 7, 12990–12997 | 12991
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dihydroxyanthraquinones, trihydroxyanthraquinones and
dihydroxy-methyl-anthraquinones, which were identied by
HPLC as alizarin, xanthopurpurin, purpurin and rubiadin. And,
an extra intense signal at m/z 283.0248 was observed, which
points to the presence of a dihydroxyanthraquinone-carboxylic
acid. Due to the high resolution data alternative structures,
e.g. physcion (molecular formula: C16H12O5) or mollugin
(molecular formula: C17H16O4), detected in some Rubia
species43,44 can be excluded. The present compound, most
probably an until now unknown isomer of munjistin (1,3-
dihydroxyanthraquinone-2-carboxylic acid), has been already
detected by LC-ESI-MS/MS in several samples – including
samples E and F – from the nding site of Niya (archaeological
site in Xinjiang, China).45 Dihydroxyanthraquinones, trihy-
droxyanthraquinones and dihydroxy-methyl-anthraquinones
are characteristic dyes from plants of the Rubiaceae family.
Plants from this family are found globally, and especially some
genera (e.g. Rubia, Galium and Relbunium) have been used in
many cultures for obtaining red hued textiles.37,46–48

In contrast, signals for carminic acid, its isomers, for a-
vokermesic acid and kermesic acid were observed in spectra of
the red-shaded historic samples C and B. A peak of dcII-like
compounds at m/z 475.0881 was only detected on bers of
sample B. The presence of these anthraquinone dyestuffs is in
agreement with the use of cochineal insects for coloring in
ancient Peruvian cultures.4 Interestingly, spectra of sample C
showed extra peaks at m/z 253.0506 and m/z 255.0299, corre-
sponding to quasimolecular ions ([M–H]�) of anthraquinones
identied as rubiadin and purpurin. These anthraquinones
are not components of a scale insect dye, suggesting the
additional use of a plant-derived colorant (for example
a Relbunium species). It is worthmentioning that it is possible
to associate the utilization of cochineal and plant-derived
colorants as red dye sources with certain cultural periods
(from 300 BC to the 16th century AD) of the Pre-Columbian
Peru. Going from the earlier cultures (e.g. Paracas and
Nazca) to the later (e.g. Chimu, Chancay and Inca) one
observes the gradual replacement of vegetal dye sources such
as Relbunium by conchineal.49

For all blue-colored references (bers dyed with synthetic
indigo or woad) the quasimolecular ion [M + H]+ at m/z
263.0815, assigned to indigo-type dyes like indigo and indir-
ubin, was detected. A signal of indigo-type dyes at m/z 263.0815
was also observed for the blue historical samples D and G.

In summary we can note that the LMJ-SSP-HRMS experi-
ments clearly revealed the use of a cochineal dye and of a dye
gained from plants of the Rubiaceae family for the generation of
the investigated red hues and the use of the very important dye
indigo for blue colorations. The conrmation of dye sources was
successful regardless of the bermaterials (silk, wool or cotton),
the age of the sample, or the sample's appearance or handicra.
A critical remark should be mentioned, which, however, was not
relevant for the identication of the dye sources in our case. The
identication and assignment of isomeric structures by LMJ-MS
technology (as with all other direct MSmethods) is possible only
to a limited extent by an interpretation of the fragmentation
pattern. This problem can be solved by incorporation of an LC
RSC Adv., 2017, 7, 12990–12997 | 12993
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Fig. 1 Flowprobe™ HRMS spectrum of woolen reference fibers dyed with an extract of the scale insect Dactylopius coccus Costa. MS detection of
the anthraquinones was performed in negative ion full-scan mode, and the marked substances were detected as quasimolecular ions ([M–H]�).
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system between the surface sampling device and the mass
spectrometer, as described by Kertesz and Van Berkel for the
separation of isomeric drug metabolites.50
Scheme 1 Structures of the detected dyestuffs.

12994 | RSC Adv., 2017, 7, 12990–12997
One important point especially in the investigations of
archaeological material is the question if the sample will be
destroyed during the measurement. From Fig. 3 it is obvious
that no signicant change of color was observed comparing the
introduced and the recovered material aer the owprobe™
analysis (for a further example, see Fig. S7†). Thus, the sample
can be used for further investigations and the method may be
characterized as minimal-destructive.
3. Experimental
3.1 Chemicals and materials

Indigo and alizarin (97%) were bought from ACROS Organics;
carminic acid ($96%) from Fluka Analytical, indirubin ($98%)
and the aqueous NH4OH solution (p.A.) from Sigma-Aldrich,
xanthopurpurin from Rare Chemicals GmbH (Kiel), KAl(SO4)2-
$12H2O (puriss.) from Riedel-de Haën and potassium bitartrate
(krist. DAB. 6) from VEB Laborchemie APOLDA. Purpurin has
been obtained from Aldrich's collection of rare chemicals. A
mixture consisting of kermesic acid and avokermesic acid as
well as a woolen yarn (previously mordant dyed using alum and
munjistin) has been obtained from the collection of historical
colorants (Technical University of Dresden, Prof. Dr H. Hart-
mann). Rubiadin has been synthesized according to procedures of
Takano et al.51 Dried rhizomes from madder (Rubia tinctorum L.)
were bought fromKremer Pigmente GmbH &CoKG (Aichstetten).
E120, a food dye [exctract from Cochenille lice (Dactylopius coccus
Costa)] was obtained from Sensient Food Colors (Geesthacht). A
sheep wool eece (100%merino wool) and linen fabric (59% linen
and 41% modal) were purchased from Galerie Smend (Köln).
Nonspun natural silk (mulberry silk from Bombyx mori L.) and
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Flowprobe™HRMS spectrum of the red shaded historic sample
E (silk fabric). MS detection of anthraquinones was performed in
negative ion full-scan mode, and the marked substances were
detected as quasimolecular ions ([M–H]�).
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a wool eece [previously vat dyed using leaves and stems of woad
(Isatis tinctoria L.), dyeing according to (ref. 38)] was obtained from
a collection of bers (Landesamt für Denkmalpege und Arch-
äologie Sachsen-Anhalt – Landesmuseum für Vorgeschichte, by
courtesy of Mrs F. Hertel and of Dr C.-H. Wunderlich). A woolen
yarn [previously mordant dyed using alum and dried rhizomes
frommadder (Rubia tinctorum L.)] was obtained from Dr K. Kania,
Erlangen. All reference bers were washed before investigation
[distilled water, 40 �C (for silk) and 80 �C (for wool and plant
derived bers)], respectively.
3.2 Instrumentations

Optical microscopic (transmission light and digital micro-
scope), ATR-FTIR (Fourier transform infrared in attenuated
Fig. 3 Image of silk material dyed with madder: (a) aliquot (100 mg)
used for analysis by flowprobe™MS (sample after measurements) and
(b) material prior flowprobe™ MS experiments.

This journal is © The Royal Society of Chemistry 2017
total reection mode) spectroscopic, SEM (scanning electron
microscopy), SEM-EDX (the combination of SEM with energy
dispersive X-ray spectroscopy), HPLC-DAD (system 1), LC-ESI-
MS/MS (triple quadrupole, system 3 and 4) and ASAP-MS
(capillary temperature: 150–250 �C, capillary voltage: 100–
180 V, source voltage: 10–20 V, source voltage dynamic: 0–25 V,
corona discharge: 5 mA, APCI source temperature: 250–400 �C,
positive and negative mode) studies were performed as previ-
ously reported.23,38 UV-Vis-spectra were measured in diffuse
reectance mode with a Cary 60 spectrophotometer from Agi-
lent Technologies equipped with a remote diffuse reection
probe (Video Barrelino™) from Harrick Scientic (measure-
ment range: 200–800 nm; white standard: BaSO4).

The LMJ-SSP experiments were performed using a Prosolia
owprobe™ system coupled to a QExactive™ Hybrid
Quadrupole-Orbitrap mass spectrometer from Thermo Scien-
tic (solvent for anthraquinones: methanol : water (1 : 1 v/v)
containing 0.1% (v/v) formic acid or acetonitrile : water (1 : 1
v/v) containing 0.1% (v/v) formic acid, solvent for indigo-type
dyes: methanol : water (9 : 1 v/v) containing 0.2% (v/v) formic
acid and 1% (v/v) tetrahydrofuran, solvent ow rate: 15–25 mL
min�1, capillary temperature: 250 �C, spray voltage: 4.5 kV in
positive mode and 3.0 kV in negative mode, MS scan range: 200–
500 m/z or 200–800 m/z, resolution: 140 000, acquisition time:
2.2 min, positive and negative mode). Genuine standard
compounds were suspended or dissolved in methanol and
spotted onto the surface of an Omni Slide™ (microscope glass
slide from prosolia) by depositing a droplet of the suspension/
solution with following evaporation of the methanol. Single
yarns or a bunch of bers (historic samples: about 300–700 mg)
were placed to glass slides and wetted with a drop of the
respective solvent for xation (same solvent used for the in situ
surface extraction). The slides were mounted into the xy
movement stage of the owprobe™ system and the nMotion
soware was used in manual mode for discrete analysis. Wash
steps with spraying and data acquisition were performed
between two samples to clean the owprobe™ and to prevent
carry-over of previous analytes.

The DESI experiments were carried out using a Prosolia
Omni Spray™ ion source (different geometrical settings were
tested: nebulisation capillary angle, nebulisation capillary-to-
sample distance, capillary inlet-to-sample distance and nebu-
lisation capillary-to-capillary inlet distance was varied, nebu-
lizing gas (N2) pressure: 6 bar, solvent: methanol/water
(different volume ratios) or acetonitrile/water (different
volume ratios) containing formic acid or tetrahydrofuran in
different concentrations, solvent ow rate: 1–10 mL min�1,
capillary temperature: 150–300 �C, spray voltage: 3–5 kV, posi-
tive and negative mode). System coupled to a TSQ Quantum
Ultra AM mass spectrometer from Thermo Scientic. Bunches
of reference bers were xed onto glass slides with double-sided
tape.
3.3 Methods for extracting the colorants

Blue bers23 and red bers38 were extracted as previously re-
ported. Residual material (being insoluble in methanol or
RSC Adv., 2017, 7, 12990–12997 | 12995
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acetonitrile) from the extraction with formic acid–ethyl-
enediaminetetraacetic acid was hydrolyzed with hydrochloric
acid.23
3.4 Dyeing and mordanting procedure

The vat dyeing process using synthetic indigo was performed as
previously reported.23

Mordanting procedure of silken and woolen material
(modied according to Cardon4):

Moistened bers were treated for 20 h at 40 �C with an
aqueous solution of KAl(SO4)2$12H2O (0.5% m/v) and potas-
sium bitartrate (0.25% m/v). Aer cooling to room temperature
the bers were removed from the bath and rinsed with water.
Moistened and stained bers were used for the mordant dyeing
procedure (modied according to Schweppe6) which is
described below.

Mordant dyeing of silken and woolen material with food
colorant E120:

The food colorant E120 (0.15 g) was dissolved in water (20
mL). Aer the addition of the bers, the dye bath was slowly
heated to a temperature of 90 �C, and the temperature was kept
at 70 �C for 1 h. Aer cooling to room temperature the bers
were removed from the bath, rinsed with water and dried.

Mordant dyeing of silken and woolen material with dried
rhizomes from madder:

A tea bag containing crushed rhizomes (1 g) was soaked for
17 h in water (30 mL). The extract was heated slowly within 1 h
to beginning reux, and the temperature was kept for an
additional 10 min. The rhizomes were removed, and the volume
of the dye bath was lled up to a total volume of 100 mL. The
bers were inserted and dyed for 30 min at 70 �C with occa-
sional turning. Aer cooling to room temperature, the bers
were removed from the bath, rinsed with water and dried.

Mordant dyeing of silken material using either synthetic
alizarin or purpurin:

To a suspension of the reference compound (approximately
50 mg) in water (10 mL) 3 drops of an aqueous NH4OH solution
(25% NH3 basis) were added and the silk were immersed and
kept in the dye bath for 30 min at 70 �C with occasional turning.
Aer cooling to room temperature, the bers were removed
from the bath, rinsed with water and dried.
4. Conclusions

Flowprobe™-ESI-HRMS was performed directly from the
surface of various reference materials and archeological bers,
dyed with anthraquinone colorants gained from scale insects or
plants of the Rubiaceae family and indigo-producing plants.
This technique allowed the rapid analysis of different ber
materials under ambient conditions without any extra and time-
consuming sample preparation or a sophisticated sample xa-
tion. This method is suitable to conrm the use of indigo-type
and anthraquinone dyes – both dye classes which have been
used for textile dyeing across all cultures and over all-time
periods and for the rapid identication of the dye source. ESI-
MS detection proofed suitable for many organic dyestuffs and
12996 | RSC Adv., 2017, 7, 12990–12997
possesses the potential to expand the LMJ-SSP-MS technique to
other dye compounds. The investigations were shown to be
independent of ber properties; thus, they are especially suit-
able for fragile archeological materials. The method allowed to
examine bunches of bers as well as single fragments of a yarn.
Only a minimum amount of material is necessary, which
remains intact during measurement, making this technology
a minimal-invasive, reliable and time-saving application.
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13 J. Orska-Gawryś, I. Surowiec, J. Kehl, H. Rejniak,

K. Urbaniak-Walczak and M. Trojanowicz, J. Chromatogr. A,
2003, 989, 239–248.

14 I. Petroviciu, F. Albu and A. Medvedovici,Microchem. J., 2010,
95, 247–254.

15 I. Degano, M. Biesaga, M. P. Colombini and M. Trojanowicz,
J. Chromatogr. A, 2011, 1218, 5837–5847.
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41 K. Lech, K. Witkoś, B. Wileńska and M. Jarosz, Anal. Bioanal.
Chem., 2015, 407, 855–867.

42 K. Stathopoulou, L. Valianou, A.-L. Skaltsounis,
I. Karapanagiotis and P. Magiatis, Anal. Chim. Acta, 2013,
804, 264–272.

43 H. Itokawa, Y. Qiao and K. Takeya, Phytochemistry, 1989, 28,
3465–3468.

44 C. Mouri and R. Laursen, Microchim. Acta, 2012, 179, 105–
113.

45 A. E. Kramell, P. Wertmann, D. Hosner, R. Kluge, F. Oehler,
C.-H. Wunderlich, P. E. Tarasov, M. Wagner and R. Csuk, J.
Archaeol. Sci. Reports, 2016, 10, 464–473.

46 I. Vanden Berghe, M. Gleba and U. Mannering, J. Archaeol.
Sci., 2009, 36, 1910–1921.

47 R. Hofmann-de Keijzer, M. R. van Bommel and I. Joosten, in
Hallstatt Textiles: Technical Analysis, Scientic Investigation
and Experiment on Iron Age Textiles, ed. P. Bichler, K.
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