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The immense variety of materials found in museum'’s archaeological collections often makes the tasks
of cataloging and conservation difficult. This is even more challenging when dealing with objects related
to personal adornments, such as jewelry or amulets, due to their extensive material diversity and com-
plexity. For these reasons, the chemical characterization of this type of objects is crucial for linking the
Keywords: use of certain raw materials in the production of artifacts with commercial and influential spheres. The
Personal adornment objects present study aims at the non/micro-invasive material characterization of a set of heterogeneous personal
LIBS adornment pieces from a wide chronological period (2nd BC - 18th AD centuries) belonging to the ar-
p-XRF spectrometry chaeology collection of the Teruel Museum, Spain. A multi-analytical approach, without sample taking,
H-Raman spectroscopy was applied involving Laser-Induced Breakdown Spectroscopy (LIBS), which allowed surface and in-depth
Archaeological items elemental analysis of materials including the detection of trace elements. The LIBS results were com-
Teruel Museum plemented by using portable X-ray fluorescence spectrometry (p-XRF) and p-Raman spectroscopy, which
offered additional information on elemental and molecular surface composition, respectively, for accurate
mineralogical identification. The analysis of the considered objects revealed the presence of a wide va-
riety of both organic and inorganic materials that were used in the manufacturing processes, including
red coral, black amber, glass, and iron, among others. This allowed for a comprehensive characteriza-
tion and provided extensive details about the provenance and relative dating of the objects, information
that will be useful in the elaboration of an updated catalog list and new conservation protocols for the

archaeological collection of the Teruel Museum.
© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Since ancient times diverse and heterogeneous materials have
been used for the fabrication of personal adornment objects. Iden-
tifying these materials can provide information about the socioe-
conomic issues of the communities making these objects: from
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religious beliefs and social status signs to local manufacturing or
commercial exchanges in the archaeological settlements. However,
due to the most common heterogeneity of these objects, mate-
rial identification is frequently challenging. Usually, archaeologists
and museum conservators catalog the materiality of objects via
organoleptic tests, and the extensive experience of these profes-
sionals provides close approximations. Nevertheless, this approach
is frequently insufficient in case of uncommon or degraded mate-
rials, and therefore, using versatile and complementary analytical
techniques could be the solution for cataloging vast and heteroge-
neous archaeological museum collections.

XRF spectrometry has been applied to the study of cultural her-
itage materials since the 50s due to its non-invasive and, some-
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times, portable capability. This technique is based on the excitation
of atoms of the material under study by an X-ray beam, resulting
in secondary fluorescent emission. XRF intensity directly depends
on the concentration of every element in the specimens. Generally,
it is used to determine the concentrations of elements from alu-
minum (Z = 13) to uranium (Z = 92) [1]. The quantitative results
given by this technique are immediate and easy to understand.
For archaeological objects, surface analysis gives details on the na-
ture of the soils where the objects were buried, the composition of
degradation layers (i.e. glass or metals), the presence of protective
coatings, etc. XRF penetrates a few pm from the surface at low en-
ergies and several mm at high energies, allowing better detection
limits (10 - 50 ppm) depending on the elements, beam collimator
size, and detector type [2]. Thus, the information provided is highly
valuable in archaeometric studies by allowing linking the object
with a specific archaeological site or identifying earlier conserva-
tion interventions. Nonetheless, its limitation in detecting trace or
light elements (chromophores or impurities), especially in unpol-
ished archaeological samples [3-5], could be a drawback that could
be compensated by its combination with complementary analytical
techniques. In that respect, the use of XRF with other techniques,
such as LIBS, has been proven helpful in determining the material
composition of archaeological objects [6-8].

The versatility of the LIBS technique is considered an asset for
identifying numerous materials used in cultural heritage [6,9-13],
especially those of archaeological nature. LIBS is based on focusing
a pulsed laser power on a sample surface to ablate a small amount
of material. The spectrum of the light-emitting-induced plasma re-
veals qualitative and semi-quantitative information about the el-
emental sample composition. Despite its micro-invasive character,
no sample pretreatment is needed and its application to the study
of inorganic materials, commonly present in archaeological collec-
tions such as glass, stone, pottery, metal, etc., barely causes notice-
able damage. Usually, a small crater of about tens of micrometers
wide and a few microns deep per laser pulse is left on the sur-
face of the object. Moreover, LIBS allows in-depth analysis of the
substrate by collecting the spectra of the emission caused by the
application of successive laser pulses on the same spot. Consider-
ing the common burial condition of the archaeological objects, this
feature of LIBS allows the analysis of the bulk material, without
the interference of signals from superficial deposits or degradation
layers. LIBS is also a highly sensitive technique for the detection of
light elements that can be present as traces or impurities, such as
hydrogen (H), lithium (Li), boron (B), carbon (C), and oxygen (O)
[14].

Another analytical technique, extensively used since the 1980s
to analyze different cultural heritage materials is w-Raman spec-
troscopy, which provides specific molecular fingerprints of core
materials in a non-invasive and non-destructive way. Based on in-
elastic scattering and the generation or annihilation of elemen-
tary excitations during the interaction between monochromatic
light (laser) and matter, Raman spectroscopy induces transitions
between vibrational and rotational energy levels, offering detailed
structural information about the material. This technique has been
applied for the characterization of pigments, minerals, or gem-
stones and is particularly useful for identifying corrosion or degra-
dation agents, as well as organic materials, like textile fibers, col-
orants, protective coatings, etc. [15,16].

The present work undertakes the investigation of fifteen archae-
ological objects spanning various historical periods (from the 2nd
BC to 18th AD centuries) found in seven distinct settlements in
the Teruel province of Spain. These artifacts, housed in the ar-
chaeological collection of the Teruel Museum, exhibit a wide range
of materials and manufacturing techniques. Despite this variabil-
ity, they are all linked by their function as personal adornments.
A multi-analytical approach involving LIBS, portable X-ray fluores-
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cence spectrometry (p-XRF), and p-Raman spectroscopy techniques
has been used. Owing to the complementarity of these techniques,
this approach allowed the surface and in-depth analysis of the
composition of the materials under consideration through the de-
tection of trace or minor elements (LIBS), the characterization of
surface deposits or degradation layers in a semi-quantitative way
(p-XRF) and the identification of minerals or mineraloids/organic
compounds (u-Raman spectroscopy).

2. Research aim

The present work aims to provide a feasible and useful in situ
multi-analytical approach for museum conservators to character-
ize their collections for a correct cataloging task, using a combina-
tion of non/micro-invasive techniques such as LIBS, p-XRF and p-
Raman spectroscopy without the requirement of sampling or sam-
ple preparation. The combination of these techniques allowed for
overcoming the complexity of the thick layers covering the archae-
ological objects, consisting in corrosion products and deposits from
the burial environment. While p-XRF and micro-Raman helped an-
swering inquiries associated with elemental and molecular sur-
face composition of the archaeological pieces, LIBS solved ques-
tions about their core composition and manufacturing techniques
employed for their production. The present approach is particularly
valuable due to its non/micro-invasive nature and the availability
of portable instrumentation for conducting in situ analysis of per-
sonal adornments. The data obtained from the application of the
three techniques, together with those generated by historical stud-
ies, provided a better understanding of the manufacturing tech-
niques employed, the availability of raw materials, and the political
and social circumstances, thus facilitating complete cataloging and
characterization of the considered archaeological objects related to
personal adornment from Teruel Museum.

3. Materials and methods
3.1. Description of the objects

The present work is based on the analysis of a set of different
archaeological objects from a collection belonging to the Provincial
Museum of Teruel, NE Spain. Opened in 1959, with the purpose of
promoting the cultural heritage of Teruel province, it houses col-
lections devoted to archaeology, ethnography, and art, with its ar-
chaeological collection being the largest and most significant [17].

The small objects of the set (Fig. 1) span a broad chronologi-
cal range (2nd BC - 18th AD centuries) and have unequal mate-
riality. However, their common characteristics lie in their use as
personal adornment or apotropaic objects (i.e. objects that are be-
lieved to have the power to avert evil or harm). These pieces were
unearthed at seven different archaeological sites, all located along
the province of Teruel (Aragén region, Spain). Some of them are
declared Assets of Cultural Interest, the greatest protection granted
by the Spanish State. The objects are organized and cataloged in
Table 1 according to date.

The first six items (Fig. 1, 1a - 1f) come from La Caridad, a
Roman military site built ex-novo in Caminreal village. La Caridad
was a settlement with a brief occupation period (late 2nd - 1st
last third centuries BC) serving as an administrative and economic
center for territorial structuring, at this time closely linked to the
iron mining operation of Sierra Menera [18]. The group of elements
from this archaeological site related to personal adornment is not
very abundant, although it includes two rings (Fig. 1, 1a and 1b),
two cabochons (Fig. 1, 1¢ and 1f), an amulet (Fig. 1, 1d), and a
bead (Fig. 1, 1e).

Two intaglios were found in El Palao, one showing a figure
holding a lyre, apparently Apollo (Fig. 1, 2a), and the other fea-
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Fig. 1. Images of the archaeological objects for personal adornment considered in the present work.

Table 1

Archaeological information about the set of personal adornment objects. The information was provided via the Teruel Museum catalog. All the archaeological sites marked

with an asterisk (*) are declared Asset of Cultural Interest by the Spanish State.

Archaeological site Chronology Typology Cultural environment
1a Ring
1b Ring
. . . Late 2nd century BC - last third of 1st Ic Cabochon Roman City. Late Republican
La Caridad site (Caminreal) * 1d Amulet .
century BC Period
1e Bead
1f Cabochon
Ibero-Roman settlement of El Palao (Alcafiiz) * 2nd century BC - 1st century AD 2a Intaglio Roman city
2b Intaglio
Roman Villa of La Loma del Regadio (Urrea de 3rd - 4th centuries 3a Intaglio Roman Villa. Late Imperial
Gaén) * 3b Bead Period
Hermitage of La Virgen de la Pefia (Berge) Late 6th century 4a Bead Necropolis around the
4b Bead Hermitage
Mausoleum of Los Amantes de Teruel (Teruel) 13th century 5 Bead Urban area. Middle ages
Jewish necropolis of Teruel (Teruel) 15th - 16th centuries 6 Bead Hills surrounding the city.
“Planos de Santa Lucia”
San Juan Bautista Chapel (Bafién) 18th century 7 Button -

turing a human bust profile (Fig. 1, 2b). El Palao, an Ibero-Roman
settlement in Alcafliz, was the main urban settlement of the cen-
tral area of Lower Aragén from the 2nd century BC until the 1st
century AD. Its elevated orographic condition allowed control over
the surrounding territories. However, it does not follow the typical
Roman urban layout, possibly due to the coexistence of the Iberian
native population of whom signs of its activities were also found
[19].

A greenish intaglio (Fig. 1, 3a), and a black bead (Fig. 1, 3b)
were found in the Roman Villa of La Loma del Regadio. Although
the site’s occupation spanned from the 1st to the 5th century AD,
both pieces are from the late period (3rd - 4th centuries AD). The
late villa results from an intense structural distribution refurbish-
ment with the aim of oil and wine production, the principal activ-
ity of the settlement [20].
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Among other grave goods (belt buckles, pendants, bronze rings,
etc.) of the necropolis around the Hermitage of La Virgen de la
Pefia, two beads (Fig. 1, 4a and 4b) were discovered during the ar-
chaeological excavations of 1987. In contrast with the Roman sites,
the documentation of the Late Antiquity is less extensive [21].

One black bead (Fig. 1, 5) was found in Los Amantes de Teruel
Mausoleum. This bead was part of a female funerary trousseau,
consisting of a necklace of 25 pieces; except for this one, the re-
maining 24 are made of bone. The burial site appeared during the
Mausoleo de Los Amantes archaeological excavation, in the context
of a 13th-century Christian necropolis, attached to the old Church
of San Pedro, in Teruel.

Another black bead (Fig. 1, 6) was unearthed in the Jewish
necropolis of Teruel, in the hills surrounding the city, an area com-
monly called Altos de Santa Lucia. This bead is part of the grave
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Semi-quantitative elemental composition in (wt %) of the archaeological objects as determined by p-XRF. *Bal value is the difference to 100 % of

the sum of all measured elements.

Sample Ba Sb Sr Pb Cu Fe Mn Cr \% Ti Ca K Al P Si Cl S Bal*
1a Head - - - - - 100 - - - 0.1 1.4 04 10 - 9.1 0.1 02 777
1a Shank - - - - - 96.9 - - - - - - - 0.1 2.6 - 04 -

1b Head 0.1 0.1 0.1 06 - 175 05 - - - 3.9 02 08 - 7.8 0.1 03 68.0
1b Shank - - - - - 959 - - - 01 - - - - 34 - 06 -

1c - - - - - - - - - - 0.3 0.1 - - 0.1 - 06 989
1d 08 - - - - 309 - - - 02 138 14 35 0.1 139 03 03 348
1e - - 02 - - 0.9 - - - - 207 03 05 - 2.5 - 0.6 743
1f 0.1 02 - - - 0.2 0.8 - - - 4.5 04 1.7 - 295 05 02 620
2a - - - - - 0.1 - - - - 0.6 0.1 06 01 435 0.1 03 54.6
2b - - - - - 0.1 - - - - - - - - 379 - - 62.0
3a - - - - - 0.1 - 0.1 0.1 - 0.2 05 57 88 6.0 0.1 0.1 78.3
3b - - 0.1 - - - - - - 0.1 45 1.0 - - 0.5 03 25 910
4a - - - - 0.1 - - - - - 0.3 - 0.1 - 0.5 - 02 9838
4b - - - 0.1 0.1 - - - - - 1.4 0.1 02 0.1 0.8 - 04 96.8
5 - - - - - 0.3 - - - - 1.5 - - - 0.1 - 05 97.6
6 - - - - - 0.6 - - - - - - - - 0.1 0.1 26 96.6
7 - - - - - - - - - - 1.2 - - - 0.1 - 14 973

goods found during the 1926 excavations [22]. The report on these
dates described it as: “Ten black necklace beads of varying thick-
ness, parallel circles carved on it. Perhaps made of black amber”
[23].

The last object (Fig. 1, 7) is a button of a similar material as
the previous one. This piece comes from the subsoil of the Parish
Church of San Juan Bautista, built between 1692 and 1701, in the
town of Bafién. During archaeological works in 2009, this piece
was found in a burial site, near glass and ceramic objects dating
from the 18th century.

3.2. Analytical techniques

The set of archaeological objects was compositionally analyzed
using the techniques of p-XRF spectrometry, LIBS, and p-Raman
spectroscopy.

X-ray fluorescence (XRF) analyses were carried out using a
portable THERMO NITON XL3T EDXRF device, which is equipped
with an X-ray tube operating at 50 keV and 100 A, along with a
geometrically optimized large Si drift detector (GOLDD). This setup
enables rapid, non-destructive elemental measurements on-site in
various fields, including metal identification and soil analysis. The
objects being analyzed are placed in a large sampling platform that
shields the operators from X-rays, while proper positioning of the
samples is achieved using a CCD camera. The analyses were per-
formed directly on the surfaces of the objects without any prior
preparation. Two factory calibration modes, referred to as Mining
(M) mode and Soils (S) mode, are available for these measure-
ments. For this study, all measurements were conducted using the
M calibration mode, which allows the detection of elements such
as Ba, Sn, Cd, Pd, Ag, Mo, Nb, Zr, Sr, Bi, As, Se, Hg, W, Pb, Zn, Cu,
Ni, Co, Fe, Mn, Cr, V, Ti, Ca, Cl, K, S, P, Si, and Al. In the present
study, each analysis involved a 70-second exposure, with a 3 mm
diameter measurement area, and the database used for peak as-
signment was the Cu-Zn Mining database. However, for the metal
ring objects, the exposure time was 30 s, the measurement diame-
ter was 8 mm, and the Metals database was used for peak assign-
ment. Additionally, XRF, unlike other techniques like LIBS, cannot
detect light elements with an atomic number (Z) below 13 (e.g.,
Na, Mg, B, C). Therefore, the content of organic matter (C, N, O, H)
and light elements (Be, B, F, Na) in the analyzed samples is be-
yond the scope of this technique. Nonetheless, the Mining mea-
surement method provides a result called “Bal” (balance), which
corresponds to the difference, up to 100 wt %, that has not been
assigned to other elements [24]. These limitations render XRF a
semi-quantitative technique for analyzing the considered objects.
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LIBS analyses were performed with a Q-switched Nd:YAG laser
(15 ns pulses, 1 Hz repetition rate) operating at 266 nm (4th har-
monic). The laser beam was conducted and focused on the sample
surface at the angle of 45° by using a dichroic mirror system and a
15-cm focal length lens used to reach the threshold laser ablation
of the materials. The laser fluence of 3.5 J/cm? (resulting in a crater
with a diameter of 200 pm and a depth of around 10 pym) was used
to achieve an optimal signal/noise relation, to get a real fingerprint
of the elemental composition of the analyzed samples and to pre-
serve their integrity. Cut-off filters of 300 and 330 nm were placed
at the entrance slit of the spectrograph to reduce the scattered ex-
citation laser light and to avoid second-order diffraction. The LIBS
spectra were collected in the wavelength range between 250 and
600 nm using a detection system based on an intensified charge-
coupled device (ICCD) camera from Andor Technology (iStar CCD
334, 1024 x 1024 active pixels, 13 um x 13 pum pixel size) cou-
pled to an 0.2 m spectrograph (Andor, Shamrock Kymera-193i-A),
equipped with a diffraction grating of 1800 grooves/mm. For each
considered sample, LIBS spectra we collected from different areas
resulting in similar qualitative results.

The molecular composition of the materials was analyzed using
(-Raman spectroscopy via a Renishaw Raman InVia Reflex spec-
trometer equipped with two excitation wavelengths at 532 nm
(Nd:YAG laser) and 785 nm (diode laser). The spectra were ac-
quired during 10-s exposure time, with 1 accumulation and laser
power up to 5 mW. The acquisition spectra range was 100 -
3000 cm™! with a spectral resolution of 4 cm™!.

4. Results and discussion
4.1. p-XRF spectrometry

The set of personal adornment objects was analyzed by p-XRF
spectrometry to provide semi-quantitative measurements of their
elemental composition. Table 2 shows the chemical composition
in wt % of the studied archaeological pieces. As mentioned, this
technique penetrates a few pm at low energies, hence, detecting
the composition of the surface and/or core of the material may
vary based on the nature of the object. Moreover, in light of the
buried condition of these pieces, the Bal number (as defined in
Section 3.2.) could be higher in some cases, probably due to the
presence of remaining organic matter (C, nitrogen (N), O, H) or
light elements, such as B, Li, or sodium (Na), that cannot be de-
tected with p-XRF technique.

Concerning the shanks of the rings (Fig. 1, 1a and 1b), almost
100 wt % is detected as Fe (Table 2). The manufacturing of these
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Fig. 2. LIB spectra of head and shank areas of 1b, 1d, 1e, 1f, and 3a objects. The assigned neutral (I) and ionic (II) atomic lines are indicated.

iron objects could be tightly related to the already mentioned ex-
ploitation of Sierra Menera mines and the metallurgical industry
of this settlement [18]. The heads of these two rings present be-
tween 68.0 and 77.7 wt % of undetermined elements, despite the
relevant calcium (Ca) and silicon (Si) content, and 10 to 17.5 wt %
of iron (Fe). The latter could be related to the advanced state of
degradation of the shanks of both rings.

Cabochon of the same site (Fig. 1, 1f), presents a composition
richer in silica, with the presence of Ca, aluminum (Al), and some
minor elements such as manganese (Mn), chlorine (Cl), potassium
(K), antimony (Sb), or barium (Ba) (Table 2). Moreover, like in
heads of the rings 1a and 1b, (Fig. 1) it is important to note the
high percentage of undetected elements, 62.0 wt %, possibly asso-
ciated with the presence of an organic coating applied during a
previous restoring intervention.

Object 1d (Fig. 1) is another item with considerable iron con-
tent (30.9 wt %). Nonetheless, the p-XRF analysis of this amulet
reveals an extensive presence of Ca (~ 14 wt %), Si ( 14 wt %), Al
(~ 4 wt %), and in smaller proportions: K, Ba, Cl, sulphur (S), and
titanium (Ti), with a Bal value of around 35 wt %.

The p-XRF results for the cabochon 1c, beads 3b, 4a, 4b, 5, and
6, and button 7 yield Bal values of nearly 100 wt % due to the
probable reason of being made entirely of organic material. A sim-
ilar case is for the bead 1e, with a high content of Ca, and the pres-
ence of Si, Fe, and S, but with a Bal number around three-quarters
of its total wt %.

Intaglios 2a and 2b from the El Palao Ibero-Roman site are
mainly constituted by Si (43.5 wt % and 37.9 wt %, respectively)
and half of its total wt % of undetected elements. Finally, the
greenish 3a intaglio exhibits an unusual chemical composition,
characterized by high wt % of phosphorus (P), Al, and Si.

4.2. LIBS

LIBS measurements were carried out to complement the results
on the chemical elemental composition of the objects studied via
p-XRE. Representative spectra are displayed in Fig. 2 and Fig. 3
showing the assignment of the spectral lines based on the data
from the NIST database [25]. Table 3 summarizes the derived el-
emental composition of all the pieces analyzed. The LIBS results

281

Table 3

Elemental composition of the objects of personal adornment from
Teruel museum as determined by LIBS. The main components are in-
dicated in bold.

Sample Elemental Composition as Determined by LIBS
1a Head Ba, Mo, Sr, Fe, Mn, Ca, Si, Al, Mg, Na

1a Shank Ba, Mo, Sr, Fe, Mn, Ca, Na

1b Head Ba, Sr, Fe, Mn, Ca, Cao0, Si, Al, Mg, Na

1b Shank Mo, Fe, Mn, Ca, Si, Mg, Na

1c Sn, Sr, Cu, Fe, Ca, Si, Al, Mg, Na, CN, C;, C

1d Ba, Sr, Fe, Mn, Ti, Ca, K, Si, Al, Mg, Na

1e Sr, Ca, Cao, K, Mg, Na, C;

1f Ba, Sr, Fe, Mn, Ti, Ca, CaO, Si, Al, Mg, Na, C,
2a Fe, Ca, Si, Na

2b Fe, Ca, Si, Na

3a Fe, Cr, Ca, P, S, Si, Al, Na

3b Sn, Sr, Cu, Fe, Cr, Ti, Ca, S, Mg, Na, CN, Cy, C
4a Pb, Sn, Sr, Zn, Cu, Ni, Fe, Ca, Si, Al, Mg, Na, CN, C;, C
4b Pb, Sr, Zn, Cu, Fe, Ca, Si, Al, Mg, Na, CN, C,, C
5 Sr, Fe, Ca, Ca0, Mg, Na, CN, C;

6 Sn, Sr, Cu, Ca, Mg, Na, CN, C;

7 Sn, Sr, Cu, Fe, V, Ca, S, Al, Mg, Na, CN, C;, C

agree well with those obtained by p-XRF (Table 2), although the
comparison indicates the capacity of LIBS to detect more minor
and/or trace elements.

Beginning with La Caridad objects, spectra of the shanks of both
rings 1a (spectrum not shown) and 1b (Fig. 2, 1b Shank) show
intense lines of Fe, confirming the p-XRF results. In contrast, the
spectrum of the amulet 1d (Fig. 2, 1d) shows, as the rings, intense
emission lines of Fe, with additional lines of Ba, Ca and Si, indicat-
ing a more diverse elemental composition. These results suggest
that the shanks of the rings 1a and 1b are a product of ironwork
whereas the amulet 1d is carved in iron ore.

Spectra of the heads of the rings 1a and 1b are rich in Ca, Si,
magnesium (Mg), and Na (Fig. 2, 1b Head). A similar composition
is presented by cabochon 1f although the presence of extra lines
of Mn, K, and Al (Fig. 2, 1f) indicates that the material of the dec-
oration of 1f is more complex than those of the heads of rings 1a
and 1b

In what concerns cabochon 1¢, and beads 4a and 4b, LIB spec-
tra revealed similar composition. These spectra (as an example see
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spectra.

Fig. 3, 4a) display Na lines with C; Swan bands around 473, 515,
and 560 nm [26], indicative of the presence of a carbon-containing
material. Aside from the C, bands, LIB spectra also contain intense
CN bands (around 388, 415 nm) and atomic C lines. The latter is
the result of the reaction of atomic C from the ablation plasma
with environmental nitrogen (N) [27]. Nonetheless, the spectra of
the two beads 4a and 4b, found around the Hermitage of La Vir-
gen de la Pefia also show the presence of lead (Pb), nickel (Ni), and
copper (Cu), elements which may come from impurities provided
by the soil of the burial environment or from the formation of the
material itself.

LIB spectra of beads 3b, 5, and 6, and button 7 (Fig. 3, 7) reveal
a main composition based on C, with the same bands of C; and
CN displayed in the case of 1c, 4a, and 4b objects. However, some
minor elements such as strontium (Sr) or Fe were also detected,
in agreement with the p-XRF analysis (Table 2). Owing to these
results, it can be concluded that a carbon-based core is the main
component for these objects.

Considering all LIBS results (Table 3, Fig. 3), it is evident that
objects 1c, 3b, 4a, 4b, 5, 6, and 7 are manufactured with carbon-
based materials. In this context, considering the elements not di-
rectly determined by p-XRF analysis and represented as “Bal” num-
bers (Table 2), it can be inferred that these archaeological pieces
(with Bal ranging from 91 to 99 wt %) are mainly composed of or-
ganic material.

The LIB spectrum of pinkish bead 1e (Fig. 2, 1e) indicates a
major presence of calcium, along with Mn and Sr (Table 3) as
already revealed by p-XRF. Contrary to what is found by p-XRF,
Si lines possibly indicative of a superficial deposit like sand, are
not present in the LIB spectrum of this object. The presence of C,
emissions, characteristic of a carbon-containing material is com-
patible with the XRF Bal number of around 74 wt %.

LIB spectra of 2a and 2b intaglios of the El Palao site con-
tain spectral lines of Fe, Ca, Na, and intense ones assigned to
Si (Table 3), which agree with p-XRF and suggest a composition
based on a quartz mineral or similar silica-based material.

Finally, examining the LIB spectrum of the greenish intaglio 3a
found in the Roman Villa of La Loma del Regadio (Fig. 2, 3a), dis-
plays a high content of Al, chromium (Cr), and P. Emission lines
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from Si, Ca, S, and Fe are also present (Table 3), in agreement with
p-XRF findings (Table 2). Upon comparison with the chemical com-
position of variscite (AIPO4-2(H,0)) in the Handbook of Minerals
[28] the main constituents are identified as P and Al oxides, along
with water. Nevertheless, it is essential to highlight the presence
of vanadium (V), Fe, and Cr oxides, which were also detected in
object 3a as revealed by the p-XRF analysis (Table 2), and corrob-
orated by the LIBS results (Table 3). The chemical composition fits
with the results given by other similar investigations of this gem-
stone (anciently called Callais) [29-31]. This mineral was valued by
ancient societies, particularly the Romans, for its resemblance to a
richer and odder material, the emerald. In this sense, Dominguez-
Bella reports that “variscite was used, together with gold (Au), sil-
ver (Ag), and other materials such as red coral, pearls, and quartz,
in the manufacture of jewels that had a circulation of thousands of
kilometres in the Roman Empire” [30]. Nonetheless, further analy-
ses, such as X-ray diffraction (XRD) [32] or Particle-Induced X-ray
Emission (PIXE) [33], could provide additional information regard-
ing the material characterization and the provenance of this object.

4.3. p-Raman spectroscopy

(-Raman spectroscopy measurements were also conducted to
identify the specific molecular nature of the core materials of the
archaeological pieces (Figs. 3 and 4). Comprehensive analyses (re-
sults are shown in Table 4) were performed on all samples al-
though, from some of them, no Raman signal was detected at the
used excitation wavelengths.

For cabochon 1f, two Raman spectra were acquired in two dif-
ferent areas (Fig. 4, 1f). As seen in the upper spectrum of this fig-
ure, two broad bands appear at around 570 and 1093 cm’!, both
attributed to amorphous silicate vibrations (Table 4). These bands
correspond to SiO4 tetrahedron bending and stretching vibrations
respectively, typical fingerprints of glassy materials [45]. These two
bands of glass are also present in the Raman spectrum of the head
ring 1b (not shown), indicating that this ring decoration is made of
glass paste, as supported by the previous LIBS and p-XRF analyses.

Furthermore, the lower Raman spectrum of 1f in Fig. 4 dis-
plays bands at 1731, 1450, and 1113 cm™!, corresponding to vC=0,
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Fig. 4. p-Raman spectra from samples 1a shank and 1d obtained with 532 nm laser excitation (upper raw). Comparative Raman spectra from sample bead 1e were acquired
using 532 nm (left) and 785 nm (right) excitation wavelengths (middle raw). Raman spectra of 1f in two different glass areas at 532 nm, and item 2a spectrum collected
with laser excitation at 785 nm (bottom raw). In blue are indicated Raman spectra obtained on the same sample but in different areas.

6C-H,, and vC-C vibrations in ester groups, respectively (Table 4).
These could have their origin in the presence of an organic coating
in the analyzed area [37], probably applied during the restoration
of the object. This information is consistent with the elevated Bal
number of the p-XRF analysis of this object (Table 2), which in-
dicates elements with a Z number lower than 12, such as C and
H undetectable by this technique [24]. The same Raman bands,
characteristic of an organic compound, are also observed for piece
1b.

The Raman bands at 218 and 276 cm! observed in the shank
of the ring 1a (upper spectrum of Fig. 4, 1a Shank) could be
attributed to the presence of hematite (Fe,0O3). Another Raman
spectrum obtained on this object (lower spectrum in Fig. 4, 1a
Shank) also reveals the presence of bands at 303, 399, 554, and
684 cm! assigned to iron hydroxides, probably goethite (FeOOH)
and/or magnetite (Fe304) [34,36].
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Continuing with the analyses of iron-based objects, the spec-
trum of the 1d Roman amulet is noteworthy, showing bands at
386 and 587 cm! assigned to vibrations of o-FeOOH and Fe;0y,
respectively (Table 4), thus revealing a composition based on a
mixture of iron hydroxides and oxides. Similarly, to the previously
mentioned case of ring 1a, amulet 1d also presents bands at 217
and 276 cm’!, which are assigned to vibrations of hematite [34].
The two broad bands around 1284 and 1584 cm™! are due to the
presence of amorphous carbon [36,38].

In the specific case of bead 1e, Raman analyses were performed
using two different laser excitation wavelengths, resulting in two
distinct spectra. As illustrated in Fig. 4, 1e left, the spectrum col-
lected at 532 nm exhibits strong bands at 1129 and 1520 cm!,
respectively assigned to vC-C and vC=C vibrations (Table 4). These
are characteristic bands of a carotenoid pigment, the component
responsible for the reddish-pinkish colour of the material. Addi-
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Table 4
Summary of the main p-Raman spectroscopy results. The samples from which the Raman signal could not be obtained are not included.

Sample Laser excitation A Raman bands (cm™) Attribution References

1a Shank 532 nm 218; 276 Hematite [34-36]
303; 399; 554; 684 Iron oxides

1b Shank 532 nm 1108 c-C [37]
1452 C-H
1729 c=0

1d 532 nm 217; 276 Hematite [34-36,38]
386 «-FeOOH (Goethite)
587 Fe;0, (Magnetite?)
1284; 1584 Carbon-based materials

1e 785 nm 284; 714; 1089 CaCOs (Calcite) [39]

532 nm 1129; 1520 C-C (Carotenoid pigment)

1f 532 nm 570 Deformation and [40]
1093 stretching of SiO4 groups
1113 Cc-Co [37]
1450 C-H
1731 c=0

2a 785 nm 129; 208; 466 SiO, (@-Quartz) Moganite [41,42]
504

2b 532 nm 129; 208; 466 SiO, («-Quartz) Moganite
504

4a 785 nm 1440 CH, [43,44]
1604 c=C
2939 CH,; CHs

7 532 nm 1388; 1600 Amorphous carbon [38,39]

tionally, the spectrum of Fig. 4, 1e right, collected at 785 nm, dis-
plays Raman bands of calcite (CaCO3) at 284, 714 and 1089 cm!.
In agreement with the work of reference [39] the assignment of
bands of this object allows us to tentatively identify the material
with red coral. Hasegawa, H. et al. [46] indicated that coral skele-
tons are mainly made of crystallized calcium carbonate (CaCOs3),
along with other trace elements such as Mg, Sr, Fe, Al, and S.
This composition is in agreement with the p-XRF and LIBS re-
sults (Tables 2 and 3, respectively) allowing us to conclude that
the piece is made of red coral.

The intaglios 2a and 2b present the same clear p1-Raman bands
of two silica polymorphs, as seen in Fig. 4, 2a. The two laser
excitation wavelengths (532 and 785 nm) gave rise to spectra
with matching bands at 129, 208, and 466 cm™' attributed to
alpha-quartz («-SiO,) vibrations. The band 466 cm!, which is
the strongest of the whole spectrum, corresponds to SiO4 six-
membered ring vibration. The other two weaker bands at 129 and
208 cm'! are assigned to Si-O-Si bending vibrations of microcrys-
talline «-SiO, and that at 504 cm™! to symmetric stretching vibra-
tions of the four-membered Si-O-Si ring of moganite (SiO;). These
two minerals that have the same composition but differ in crys-
tallinity are distributed in different layers, forming agate [41,42], a
material commonly used in Roman times.

Concerning the analyses of objects of carbon-based material
composition, 1c, 3b, 4a, 4b, 5, 6, and 7, most of them did not
present any Raman signal. Nonetheless, in the Visigoth 4a bead,
weak Raman bands were detected around 1450 and 1642 cm!
(Fig. 3, 4a). These bands are the main ones in the range of 2000
to 1100 cm~! attributed to the C-C stretching, and the deformation
of CH, and CH3 groups (Table 4), typical of amber [43,44]. Given
that p-XRF and LIBS detected a high content of organic material,
combined with the Raman results (Table 5), it can be concluded
that these objects are made of amber. This material has been used
for amulets and jewelry since Antiquity, due to its ease of carving
and ancient societies’ belief in its magical and medicinal properties
[44,47].

On the other hand, the collected Raman spectrum on button
7, shown in Fig. 3, revealed two broad bands around 1388 and
1600 cm!, characteristic of amorphous carbon [38,39]. These sig-
nals can be due to a jet gemstone (or black amber) [48]. Still,
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more carbonaceous sedimentary rocks, as presented in Hunter,
et al. which display the same Raman bands as other carbon miner-
aloids (jet-like gemstones) like lignite or cannel coals [49]. Never-
theless, black amber has been used in personal adornment (beads,
pendants, armlets, etc.) and artworks since ancient times to the
present day. Furthermore, supported by p-XRF and LIBS results, ex-
hibiting the same organoleptic characteristics, items 3b, 5, and 6
are also likely manufactured from black amber (Table 5).

5. Conclusions

Based on the interdisciplinarity nature of the present research
study, the results obtained reflect the complexity of the archaeo-
logical collections, especially in the case of personal adornment ob-
jects. The vast heterogeneity of materials employed to manufacture
jewelry and/or apotropaic items has been demonstrated. Moreover,
the investigation carried out provides valuable tools for historians
and conservators, enabling them to link the use of these objects to
various aspects of ancient societies, such as religious beliefs, funer-
ary practices, commercial exchanges, and local manufacturing.

The information provided by the Museum catalog regarding the
materiality of the objects was based on the organoleptic character-
istics of the materials, and supported by the expertise of the con-
servators and archaeologists. For this reason, some of these objects
were closely attributed to specific materials, while others remained
unidentified.

The application of the considered multianalytical approach has
proven useful in shedding light on these previously unknown ma-
terials. For instance, the proposed techniques have identified a
variscite (AIPO4-2(H,0)) intaglio of La Loma del Regadio Roman
Villa, a singular material used in Antiquity, especially in Neolithic
and Roman times; or the use of iron ore in the manufacture of an
amulet found in La Caridad Roman site. In other cases, the analy-
ses have significantly contributed to solving some of the uncertain-
ties of the knowledge previously possessed by conservators. For in-
stance, the intaglios from El Palao Ibero-Roman settlement, initially
cataloged as quartz, have been confirmed by p1-Raman results to be
agates. The stone-carved designs of these objects can be associated
with typical styles of the Roman period of this site. Similarly, the
pieces attributed to amber or black amber (jet), materials histori-
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Table 5

Summary of the results from the multi-analysis carried out on the archaeological objects of personal adornment from the Museum of Teruel that led to the final identification of their material composition. Table 5. Summary of
the analyses carried out on the archaeological objects for personal adornment of Teruel Museum. The table contains the main results of each analytical technique as taken from Table 2, Table 3, and Table 4. p-XRF considered
results are the ones with values >0.1 wt % and Bal number >50.0 wt %. For LIBS, we have considered elements marked in bold in Table 3. The last column presents the final attribution to the specific material of each object.

Object Archaeological site and Tentative Main p-XRF results (Bal Main LIBS results Main p-Raman Multianalytical
date attribution from values in wt %) Spectrosc. results study
museum catalog
. Head Unknown Fe, Ca, Si, Bal (77.7) Mo, Fe, Ca, Si - Glass paste
1a Ring
Shank Iron? Fe Fe Mix of Fe oxides Iron
b Ri Head Unknown Fe, Ca, Al, Si, Bal (68.0) Mn, Ca, Si, Mg, Na - Glass paste
1b Ring La Caridad site * - Late
Shank 2nd-c. BC - last third of Iron? Fe Mo, Fe Organic coating Iron
1c Cabochon Ist-c. BC Amber? High Bal (98.9) Na, CN, C; - Amber
1d Amulet Unknown Fe, Ca, K, Al, Si Ba, Fe, Ca, Si Mix of Fe oxides Iron ore
1e Bead Coral? Ca, Si, Bal (74.3) Sr, Ca, Ca0, Mg Calcite; carotenoid Coral
pigment
1f Cabochon Glass paste? Ca, Al Si, Bal (62.0) Mn, Ca, Si, Mg, Na Glass; organic Glass
coating
2a Intaglio Ibero-Roman settlement of Quartz? Si, Bal (54.6) Si Quartz; Moganite Agate
- El Palao - 2nd-c. BC - - - -
2b Intaglio 1st-c. AD Quartz? Si, Bal (62.0) Si Quartz; Moganite Agate
3a Intaglio Roman Villa of La Loma del Unknown Al, P, Si, Bal (78.3) Cr, P, S, Al - Variscite

Regadio - 3rd - 4th-c.

3b Bead Black amber? High Bal (91.0) Sr, Ca, Mg, CN, G, - Black amber

4a Bead Hermitage of La Virgen de Amber? High Bal (98.8) Na, CN, C C-C and CH groups Amber
la Pefia - Late 6th-c. -

4b Bead Amber? High Bal (96.8) Na, CN, C - Amber

5 Bead Mausoleum of Los Amantes Black amber? High Bal (97.6) Ca, Cao, CN - Black amber
de Teruel - 13th-c.

6 Bead Jewish necropolis of Teruel Black amber? High Bal (96.6) Sr, CN, G, - Black amber
- 15th - 16th-c.

7 Button San Juan Bautista Chapel - Black amber? High Bal (97.3) Sr, Ca, CN, G, Amorphous carbon Black amber

18th-c.
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cally related to personal adornment and/or apotropaic or religious
use, have been confirmed.

Additionally, the two rings produced by the iron industry pro-
vide evidence of the local production of metalworking production
at La Caridad site, which was a significant economic driver for the
settlement. Furthermore, the presence of a red coral bead suggests
it may have been an object of commercial exchange, given its ma-
rine origin.

Finally, the present work has highlighted the tentative use of
portable XRF equipment as a tool to characterize the materials and
superficial deposits on these archaeological objects. Nonetheless, p-
XRF results alone may not provide the most conclusive information
for conducting the study of the material composition below the
surface of the objects, especially considering the diverse materials
found in personal adornment objects added to the drawbacks of
this technique. Techniques such as LIBS and p-Raman spectroscopy
in their portable modality, even in a hybrid version [50], make the
proposed methodology highly suitable for in situ analyses in mu-
seum collections or during archaeological excavation campaigns.
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