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This paper describes a case study of a linen yarn found inside a spiral bronze necklace fragment during an
excavation campaign in la Prisgiona, a Nuragic settlement, near Arzachena, in north-east Sardinia. The
site is one of the most interesting settlements of the Nuragic period. Abandoned after a fire, it was no
longer inhabited, thus allowing the preservation of the Nuragic stratigraphy. The necklace fragments
are part of a votive burial and the yarn is the only known textile material belonging to the Bronze Age
period from Sardinia. The uniqueness of the finding, in the rare corpus of prehistoric textile materials,
and the small amount of it available do not allow conventional analyses and requires a non-invasive/
micro-invasive method. The protocol established to preserve as much as possible the entirety of the
object, involving polarize light microscopy, portable ATR-FTIR, SEM-EDS, micro X-ray Computer
Tomography and XRD, was successfully used to extend knowledge about the materials and techniques
of this civilisation.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

La Prisgiona is an archaeological site mainly inhabited during
the Bronze age (14th–8th century BCE) located near the modern
city of Arzachena in north-east Sardinia (Italy).
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Fig. 2. Necklace fragments.
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The site is an articulated Nuragic settlement located on the
Punta d’Acu plateau, one of the most important complexes belong-
ing to the river basin between the Liscia and San Giovanni rivers,
an area rich in natural resources. The Nuragic civilisation emerged
in the Early Bronze Age (approximately 18th century BCE) from
cultures belonging to the Neolithic and the Copper Age, indigenous
from Sardinia, that evolved in a more complex society after the dis-
covery and use of metals (especially bronze). Besides the evolution
of society and metallurgy arose the original architecture, identified
by Nuraghe [1].

The archaeological site is composed of a central Nuraghe with a
widespread village all around and no less than two giants’ graves.

For its peculiar architecture, the Nuraghe plays a central role in
the site. The tholos is protected by a first curved curtain wall with a
wide courtyard and a well, whereas a second wall curtain corre-
sponding to the bastion, incorporates also two side towers. The
term tholos used also for Mycenaean graves, characterize the Nura-
gic structures belonging to the middle Bronze Age with a beehive-
shaped chamber and a corbelled roof. The main difference with the
Aegean structures is in the building above the ground of the Nur-
aghe [1].

The building was subsequently enlarged as a response to the
evolving needs of the local population. A recent excavation attests
that the site was occupied before a keep’s fire and then abandoned
for a long period until the Roman age (4th–5th century CE). The fire
that occurred in the keep sealed the clayey floor where several
artefacts were preserved, including fragments of ceramics [2–4].

Besides the daily instruments, some ceramics, stones and
bronze objects were found placed in depressions inside the clayey
stratum (Fig. 1).

One of these findings consisted of a potbelly amphora without
the neck and part of the body and partially damaged by the fire.
A miniature dagger, some spiral bronze fragments of a necklace
and several plates were stored inside the amphora (Fig. 2) [5].

During the restoration, a small piece of suspended yarn was
found inside one of the bronze fragments of the necklace.

This extraordinary finding is the only discovered fibre material
in Sardinia belonging to this period.

Due to the perishable nature of the material, it is extremely dif-
ficult to find evidence of fibres in archaeological excavations. Rare
evidence was found only in specific contexts with controlled envi-
ronments favourable to preservation. For instance, most of the
findings of linen textile fragments in Italy came from excavations
near the Alpine lakes area or glaciers [6]. Most textiles were found
preserved in association with metal artefacts or in any case miner-
alised [6].
Fig. 1. The floor of the keep with clayey stratum.
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To a first examination, restorers assumed the use of a bast fibre,
such as flax. Another hypothesis suggests the use of byssus, a fibre
derived from a mollusc, renowned in Sardinia, whose findings date
back to the Roman period [7,8]. We carried out different analyses
to recognise the type of fibre, characterise its degradation and
exclude the presence of hemp and wool, the use of which begins
in the final Eneolithic – Early Bronze age and in the Middle-Late
Bronze Age, respectively [6].

In order to preserve as much as possible the small amount of
fibre, a completely non-invasive and micro-invasive approach has
been used.
2. Materials and methods

Polarized light microscopy (PLM), portable Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR),
Scanning Electron Microscope in Low Vacuum mode coupled with
Energy Dispersive Spectrometer (SEM-EDS), micro X-ray Com-
puter Tomography (micro-CT) and X-ray diffraction (XRD) were
used in a non-invasive or micro-invasive way. The sample was
small enough to be placed inside the XRD without additional
manipulations and the mechanic characteristics of the material
allowed to handle the pressure exerted by the portable ATR mod-
ule of the FTIR spectrometer without evidence of damage. A small
piece of yarn already detached from the bundle was used for
micro-CT.

The piece was also used for the observation of the morphologi-
cal features of the fibres through a polarised light microscope at
high magnification, after separation of a single thread, and for
SEM-EDS. These analyses were the only required micro-invasive
procedures.

All plant fibres have a structure mainly composed of cellulose,
hemicellulose, pectin, lignin and minor components such as waxes,
inorganic materials, water and other impurities. The percentage of
each component depends on the type of fibre and can vary also
among different cultivation areas depending on factors such as lat-
itude, precipitation, temperature and soil [9].

This variability affects the cellulose content and its composition
impacting on the degradation conditions, which can vary also
along the fibre length. For this reason, the sample was analysed
in different areas to obtain average measures of the material.

ATR-FTIR analyses provided information mainly about cellulose,
the more abundant substance in the sample. After the first recog-
nition by portable optical microscopy, spectra acquired with
ATR-FTIR were compared with a modern reference (beginning of



Fig. 3. Detail of the sample acquired at 30�.
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the 20th century) belonging to a linen fabric measured in the
Clemente collection, stored in the archaeological and ethnographic
Museum ‘‘G. Sanna” in Sassari (Italy).

The choice for the reference was driven by the opportunity to
collect a reference as close as possible to the origin and manufac-
turing of our fibres. Modern yarns are all treated with chemicals
and mechanical procedures, thus they are likely to provide mis-
matching with ancient samples, in addition, all the bast plant fibres
have similar chemistry and microstructure. Some attempts at dif-
ferentiation among bast fibres were published in literature but
the results can be problematic when dealing with archaeological
fibres [10,11].

The threads were analysed by portable ATR-FTIR to investigate
the cellulosic content, its degradation and the presence of other
organic and inorganic materials.

The spectra were acquired by a Bruker Alpha spectrometer with
an operating range of 4000–375 cm�1, a resolution of 4 cm�1, SiC
Globar source and DTGS detector equipped with ATR module with
a monolithic diamond. The spectra were acquired in the absor-
bance mode. To obtain a good resolution 128 scans were per-
formed for every spectrum. In addition, two measures were
acquired for every point changing the orientation of the sample
at 90�.

The spectra were elaborated with OPUS software by Bruker,
with a concave rubber band correction for the background and
10 interactions.

Images of the fibres were taken with portable microscopes,
Dino-Lite 1,3 Mpixel with polarised light, to document the state
of preservation and the presence of small green crystals all over
the surface.

Some fibres were separated from the bundle and analysed by a
Zeiss Axiolab 5 optical microscope with polarized lenses. An exter-
nal digital camera was used to acquire pictures.

XRD measure was performed using the D2 PHASER benchtop
diffractometer (Bruker), with radiation CuKa1 = 1.54 Å, operating
at 30 kV, 10 mA, 2h range 7�-50�, step size 0,02�, rotation speed
of 2 rpm.

SEM-EDS was performed with a Zeiss EVO LS10, Environmen-
tal Scanning Electron Microscope, in low vacuum mode (LV),
avoiding sample coating and mounted the sample on carbon
stub. The analysis was performed with variable pressure (range
10–100 Pa) and the images were acquired using two detectors:
a Variable pressure electron detector (VPSE) for secondary elec-
trons (SE) and a Backscattered electron detector (BDS) for
backscattered electrons (BSE). The elemental microanalysis was
carried out with Energy Dispersive Spectrometer Inca X-Act
(Oxford Instruments).

Micro-CT projection images were acquired with a Skyscan 1172
by Bruker, with a resolution of 1.1 lm, at 40 kV, 250 lA. The
images were then transformed into a 3D model with NRECON soft-
ware by Bruker. To obtain the projection images, the sample was
placed on the rotating stub, with a minuscule quantity of wax on
the base to maintaining the sample stood, practically without
moving.

Three investigated areas were highlighted in this paper. Two
measured points were acquired on a small thread, where both
areas with and without green particles are visible (named respec-
tively C1 and F1) and another point was compared on a loose
thread (F2).
3. Results and discussion

Observations under the portable microscope show compact
white threads with some green and dark yellow impurities stuck
inside (Fig. 3).
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Only two areas of the bundle show an extended greenish aspect
and a close observation reveals light green crystals trapped in the
fibres.

Single fibres examined under the polarized light microscope,
show typical dislocation (also called cross-thatches or nodes) and
they were cylindrical in shape, with thick walls. Lumens were
small and look like narrow lines. Small particles are visible all over
the surface at high magnification (Fig. 4). Besides, the length
(2 mm), width (16 lm) and morphology of the pointed end are
consistent with the description of flax in the literature and its dis-
tinction from hemp [12–14].

Unfortunately, in both optical microscope observations and
ATR-FTIR analysis, the sample could not be cleaned, due to its char-
acteristics of uniqueness. The presence of particles on the fibre’s
surface slightly complicated the reading of the results, without
completely affecting them.

Flax was one of the first domestic crops, originally cultivated
for its oil-rich seeds and represents the earliest known domesti-
cated fibre documented in the archaeological records [15,16].
Evidence of flax cultivated for being used as fibre textile was
found in the southern Levant, during the Early Neolithic, and then
slowly diffuse across Europe from the Middle to Late Neolithic
[13,15].

The use of Linum fibres in Sardinia during the Bronze Age,
reported here for the first time, is supported by the presence of
Linum usitatissimum L. subsp. angustifolium (Huds.) Thell. a native
plant in the island [17]. It is also supported by the archaeobotanical
record of two seeds of Linum from the Chalcolithic site of Canelles
(Selargius - Cagliari) [16], as well as by the finds of several seeds
from the Bronze Age Nuragic site of Sa Osa (Cabras -Oristano)
[18] and from the Iron Age nuraghe S’Urachi (San Vero Milis - Oris-
tano) [19] witnessing its continuous usage through time.

Notably, the process of obtaining flax fibres remained almost
unaltered until the beginning of the 20th century. It consists of four
main steps: harvesting, removing and threshing capsules, retting
stems and dressing the flax (breaking, scutching and heckling)
[20]. All these practices are implemented to separate the wooden
outer part with lignin from the fibres, mainly cellulose, used for
textiles. Gleba, [21] and Gleba and Harris [22] suggest that the first
bast fibres have not undergone the complete process but they are
been only partially rettings.

Spectra of the sample in point F1 (Fig. 5) acquired in a white and
almost completely clean area of the thread shows the band at
898 cm�1 characteristics of the amorphous region. The narrowing
of the band reflects the low amount of disordered structure [23].



Fig. 4. Flax fibre with (a) polarized light, (b) differential interface contrast (DIC).

Fig. 5. Comparison between F1 spectrum, solid line, and reference, dotted line. In
the magnification the region from 1800 cm�1 to 850 cm1.

Fig. 6. Thread end with few light green crystals acquired at 243�.
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This band becomes more intense only in the spectrum of point C1
(Fig. 7).

The band at 1280 cm�1 relative to the CH2 vibrations and char-
acteristic of crystalline cellulose is weak in the spectrum but would
not necessarily mean a low sample crystallinity (Fig. 5). A weak or
absent band at 1280 cm�1 is reported in the literature for flax sam-
ples [23].

Cellulose undergoes changing caused by degradation processes
occurring in the region from 1400 cm�1 to 1300 cm�1. The three
bands at 1365 cm�1, 1335 cm�1 and 1316 cm�1, correlated with
CH and CH2 vibrations, show a change in intensity compared with
the reference, but not in the relative peak intensity (Fig. 5). In par-
ticular, bands at 1335 cm�1 and 1316 cm�1 demonstrate the pres-
ence of crystalline I cellulose. Bands at 1429 cm�1 and 1111 cm�1

can also be used as an indication for the presence of cellulose I, as
mentioned in the literature [23].

In the spectra analysed, bands are slightly shifted (few units) to
low wavenumber but not enough to consider those shifts as the
presence of cellulose II or a sign of degradation processes [23].
More likely the shift is due to the technique used to acquire the
spectra, together with the influences produced by dirt trapped into
the bundle [24].

Literature [25] assigns the band at 1730 cm�1 to the carbonyl
group that appears in some spectra analysed with ATR-FTIR. In
4

point F2 and the reference sample, the band appears as a shoulder
to the broader band of absorbed water, whereas some other mea-
sured points do not show the band at all (C1 and F1) or it is too low
to be clearly distinguished by the water broad band. In the spec-
trum of point F1, appears a band at 1743 cm�1 that can be assigned
to a degradation process of oxidation on the carbonyl group rather
than to a shift caused by its surrounding, as it occurs in the bands
mentioned before (Fig. 5). Oxidation functional groups such as
aldehyde and keto absorb in this narrow region of the spectrum,
between 1700 and 1750 cm�1 [24,26]. In addition, point F1 does
not show any other shift of such entity in the spectrum (Fig. 5).

Both spectra F1 and F2 show a broad weak band at 1629 cm�1

corresponding to the vibration of water absorbed into cellulose
chains, much lower in intensity compared with the reference sam-
ple (Fig. 5).

None of the analysed spectra shows the band at 1586 cm�1

indicative of lignin. The low content, characteristic of flax fibres,
may have been further decreased during fibre processing [10].

In the green area, the observation on the portable microscope
shows both small light green crystals and fibres with light green
colouration (Fig. 6).

These green crystals may be attributed to the residues of copper
alteration of the bronze necklace fragments.



Table 1
Results of calculated LOI, TCI and HBI for every sample.

Sample LOI TCI HBI

F1 0.88 1.00 1.85
C1 0.57 1.27 2.18
F2 0.68 1.36 2.00
Ref 0.92 1.14 1.97
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Comparison of ATR-FTIR spectra obtained from green areas
shows two small absorptions at 3444 and 847 cm�1, related to
the copper corrosion products such as a basic copper chloride
[27,28] (Fig. 7).

The intensity of both recognisable peaks is affected by the small
quantity of the particles trapped in the fibres compared to the cel-
lulosic material (Fig. 7).

The other bands visible in the spectrum of point C1 can be
ascribed to the main cellulose content.

In each spectrum analysed, no further peaks were recognised
useful to characterise the dark yellow material visible under the
portable optical microscope.

Mineralised fibres can provide valuable information about the
manufacturing of ancient textiles, thanks to the particular condi-
tions of the burial environment. However, in this case, the fibres
analysed cannot properly be ascribed as mineralised fibres, due
to the absence of an actual ‘‘replacement of the physical shapes
of fibres with minerals” as defined in the literature [29]. It can be
defined rather as fibres with some minerals trapped in the bundle.

The well-preserved appearance of the yarn could be closely con-
nected to the presence of copper-based crystals inside the bundle
structure, as visible in the microscope images. The presence of cop-
per acts as an inhibitor to microbial growth avoiding biodegrada-
tion and its mechanism is well described in the literature [30,31].

An attempt to calculate the crystallinity index was done using
the ratio established by O’Connor et al. and Nelson and O’Connor,
referred to as total crystallinity index (TCI), lateral order index
(LOI) and Hydrogen-bond intensity (HBI) [32–34]. The ratio
between 1430 cm�1 and 897 cm�1 is sensitive to the crystal struc-
ture, thus the LOI index is an evidence of the presence of cellulose I
in the general cellulose structure. As expected, the reference has
the highest LOI index, while the lowest is C1. The result of LOI
for C1 is consistent with its highest intensity of amorphous band
documented. Low values in LOI can also be seen as an indication
for increasing access to the cellulose surface (Table 1). In this per-
spective, the presence of copper-based materials can affect the
results [35].

TCI was calculated with the ratio between band at 1368 cm�1

and band at 2916 cm�1. In any case, the TCI results cannot be
compared and give inconsistent results due to the presence of
two overlapping bands at 1368 and 1359 cm�1. The HBI index
represents both cellulose crystallinity and the amount of
bounding water in the structure calculated as the ratio between
3335 cm�1 and 1336 cm�1 [34]. Table 1 shows the highest value
Fig. 7. Spectrum C1 with the indication of bands attributed to a basic copper
chloride.
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for sample C1, not comparable with the results of LOI and TCI. This
inconsistent result may be explained by the amount of OH bonding
related to the presence of a copper-based mineral in the area, as
atacamite - Cu2Cl(OH)3.

However, other fibre components and impurities, although not
visible in the spectra, can influence the final result of the bands’
intensity. Besides, the method behind the ATR-FTIR technique
and its susceptibility to slight changes in the band position signif-
icantly affects the crystallinity index calculation [34,36].

XRD analysis provides a comparative method to calculate the
crystallinity index and to recognise different types of cellulose.
Usually, fibres were pre-treated through grinding and then anal-
ysed to obtain a casual orientation of crystal structure. In the case
presented the sample must be preserved as much as possible, thus
it was analysed in one piece, providing a rotation of the plate dur-
ing the analysis to overcome this problem.

The crystallinity index was calculated through the Segal
method [37]:

CI ¼ I200 � Ia
I200

where I200 is the total intensity at 22.8� 2h assigned to crystalline
cellulose fraction, and Ia is the intensity of the amorphous cellulose
fraction at 18� 2h. The spectrum was corrected for background and
intensities for crystallographic planes and the amorphous phase
were calculated, confirming the well-preserved structure with a CI
of 78,8%.

The result is consistent with those emerging from the ATR-FTIR
even if the use of this formula face some risks of overestimating the
value of CI [38].

The diffractogram also shows the two reflections at 14,91� 2h
and 16,39� 2h respectively assigned to (1–10) and (110) crystallo-
graphic planes. Moreover, analysis shows the absence of cellulose
II, the degraded crystalline phase of cellulose I (Fig. 8).

In addition to peaks related to cellulose, two small peaks are
visible at 32,35� 2h and 39,73� 2 hand appear in correspondence
Fig. 8. Comparison between sample spectrum, solid line, and atacamite reference
spectrum, dotted line. In the magnification the region from 30� to 37,5�.
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of the (210) and (200) crystallographic planes of basic copper
chloride, atacamite [39,40]. Cellulose I usually shows a broad peak
at 34,5� 2hcomposite of several reflections where the crystallo-
graphic plane (004) is also visible but not predominant [41]. Spec-
trum show this peak closed to the peak at 32,35� 2hbut they do not
interfere with each other (Fig. 8).

The peaks attributed to atacamite are weak and broad due to
the small quantity of material, but the diffractogram excludes the
presence of copper carbonate, even if traces of calcium were found
in other analyses. Comparison with the ATR-FTIR spectrum of the
green area (C1) can confirm the hypothesis of the presence of
atacamite.

To confirm the assumptions made on the type of bast fibre,
crystallinity and residues of copper degradation, SEM-EDS was
performed.

SEM images show the presence of widespread microparticles of
copper all around the fibres, which have preserved them from bio-
logical attacks (Fig. 9). This presence of copper all over the sample
can explain the absence of a high level of degradation, usually vis-
ible in such ancient fibres, and consequently their high crystallinity
values obtained with ATR-FTIR and XRD.

EDS microanalyses on areas with copper particles highlight the
presence, besides the copper, of chlorine and traces of calcium. The
acquisition of an elemental map of these elements on an isolated
fibre allows recognising that copper and chlorine are visible in
the same area of the spots visible on the BSE image, confirming
the presence of atacamite as degradation products of the bronze
necklace beads (Fig. 10).

Calcium, on the other side, does not follow the fibre edges and it
is visible more or less in the whole image, excluding the presence
of cristals of calcium oxalate (Fig. 10).

The absence of cristals of calcium oxalate can support the fibre’s
attribution to flax [42].

In addition to an extended presence of small particles of ata-
camite, the high crystallinity resulted in such an old sample can
be due to the deterioration of the cementing materials, mostly
amorphous, which increases the packing of cellulose chains
[43,44].

The hypothesis is that besides the biocide action of copper,
which preserves cellulosic material from biological attacks, high
CI could also be related to the more intense degradation process
in the amorphous cellulose components together with the highest
crystalline nature of the flax [9].
Fig. 9. BSE image at 2230� of the fibre and atacamite particles.
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Regarding the yarn and its spinning, the observation to portable
microscope showed the plying of two threads in the S-direction,
with a minimal twisting of the single thread (Fig. 11) [21].

3D reconstruction to micro-CT, can provide a more straightfor-
ward image of the single threads twisting [45]. The same detached
piece used for micro-invasive techniques was previously used to
performs micro-CT and provide a better and more detailed 3D
model of the threads.

Images confirm the S-direction for the ply of the yarn, and it is
also possible to observe the s-direction of the twisting for both sin-
gle threads (Fig. 12). This S2s configuration of the yarn was
attested for several linen textiles belonging to the Chalcolithic per-
iod from the southern Levant [46–48].

A possible hint about its spinning is provided by SEM images
show in many areas of the thread the dislocations of fibres adjacent
to each other. The observation of these detail can suggest splicing
as the spinning technique to obtain the yarn [22], even if optical
microscopy and SEM images do not show the presence of residual
epidermal tissue, nor FTIR spectra show the presence of pectin or
gum, derivated by a partial retting and suggested as a possible
binding material to keep together the fibres during the splicing.

Cooke, El-Gamal, & Brennan, [49] suggest the use of a water-
based adhesive to maintaining the fibres together during the splic-
ing, such as saliva. In Sardinia, also in the modern time, women
used to chew roasted broad beans to increase salivation and kept
the flax fibres wet while spinning [50], thus this technique with
saliva might be already used in the past to spliced the fibres.

Nevertheless, binding materials could have disappeared during
the burial as mentioned before or for several treatments [22].

Some examples of spliced plant fibre threads used to connect
small bronze objects (appliques and buttons) were found in the
Tomba del Guerriero (Tarquinia) and Villanova fossa burial (Vulci)
[21]. These examples belong to a later period (7th and 8th century
BCE) but could be closely related to the technique used for the
sample analysed, although, the sample was too small and frag-
mented to ensure proper identification of the spinning technique.
4. Conclusions

The analyses were conducted on a finding of a well-preserved
flax bundle belonging to the Nuragic site of La Prisgiona. The sam-
ple is the only findings of organic material related to this civiliza-
tion. Due to its nature, this unique piece of textile material dated
to the Bronze Age has been analysed with a non-invasive and
micro-invasive protocol, allowing us to investigate the sample
without destroying it.

The threads were recognised as flax (Linum usitatissimum L.) by
observation of fibres under the polarised optical microscope, and
SEM-EDS, from their morphological characteristics. This statement
is supported by the autochthony of Linum usitatissimum subsp. an-
gustifolium (Huds.) Thell. and by various finds of Linum seeds in
Chalcolithic to Iron Age sites in Sardinia. Unfortunately, the analy-
sis under the polarized microscope cannot provide further infor-
mation to recognise fibrillar orientation.

ATR-FTIR and XRD provided further information about crys-
tallinity, ageing and its preservation.

SEM confirms also the presence of crystals of atacamite, already
detected with ATR-FITR and XRD, with the aid of elemental maps
and excludes the presence of calcium oxalate crystals, supporting
the recognition of bast fibre as flax.

Results show a well-preserved bundle of fibres that can be asso-
ciated with multiple factors. The absence of light, a common cause
of oxidation and intermolecular bond-breaking, with the peculiar
preservation site within a bronze bead and the presence of small
crystals of atacamite on the fibres surface, known for its biocide



Fig. 10. Image of investigated area (a) and the elemental map of calcium (b), chlorine (c) and copper (d).

Fig. 11. Detail of a fibre’s fragment plying with S-direction. Fig. 12. Micro-CT of the fragment.
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characteristic, may have prevented the degradation of cellulosic
chains.

Besides these two factors, the hypothesis supported by the anal-
yses is a preferential way of the degradation of amorphous con-
tents earlier than the crystalline chains of cellulose.

Only one point shows a weak band related to the oxidation of
the carbonyl group, while in general, the LOI index value related
to the highest crystallinity form of cellulose (cellulose I) in points
analysed appears consistent with the literature.

XRD also provides a high value of crystallinity index confirming
and supporting what emerges from ATR-FTIR analysis.

The analysis of the spinning method suggests the spliced tech-
niques with two threads plying with S-direction, but the amount of
fibre can not completely provide proper identification.

The non-invasive and micro-invasive protocol used, achieve
successful results for the characterization of the artefact while pre-
serving its integrity.
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