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Abstract

main alteration factors.

The archaeological heritage at Cerrillo Blanco (Porcuna, Spain) is made up of 27 sculptural ensembles and hundreds
of fragments dated between the seventh and second centuries BC. They represent a fundamental milestone in lberian
art and culture. Despite their relevance, no scientific studies have been carried out to date in order to fully under-
stand the materials, intentions and techniques that led to their creation. This is a study carried out on original pieces
from the Archaeological Museum of Jaén using stereoscopic optical microscopy (SOM), polarised optical microscopy
(POM), X-ray diffraction analysis (XRD), Fourier-transform infrared spectroscopy (FTIR), field emission scanning elec-
tron microscopy with energy dispersive x-ray analysis (FESEM-EDX) and spectrophotometry (SF). The results obtained
provide new information on the material composition of this important legacy of the Iberian civilization as well as its
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Introduction

The archaeological site of Cerrillo Blanco is located
in today’s municipality of Porcuna (Jaén, Spain), with
the coordinates: latitude 37.88775° and longitude
— 4.481556°. This settlement was known in Iberian times
as Ipolka, the capital of the Turduli, occupying much
of the middle and upper Guadalquivir River. It was dis-
covered in 1975 and the excavations were carried out
between that year and 1979 [1] (Fig. 1).
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The set of sculptures became the property of the
Spanish Ministry of Culture and was transferred to the
Archaeological Museum of Jaén, where it is now dis-
played. It is made up of 27 sculptures and hundreds of
fragments (Fig. 2), dated between seventh-second centu-
ries BC [2]. Its iconography is based on the history of an
aristocratic lineage from Ipolca and boasts of its heroic
past, representing the feats of the Iberian prince in vari-
ous fights with men, animals, mythological beings and
ceremonial figures [3, 4].

The Cerrillo Blanco complex is at the same technical
level as the best ancient sculpture in the Mediterranean
[5]; it may be considered one of the best in the pre-
Roman West and a fundamental milestone in Iberian art.
The sculptures’ extraordinary carving and homogeneity
initially led them to be attributed to a Greek sculptor, but
recent research indicates that they are the work of a high-
level sculpture workshop set up in the area [6].

The pieces studied denote a complex production pro-
cess that gives many clues as to the work involved in
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Fig. 2 Sculptures belonging to the Cerrillo Blanco complex. Double-armoured warrior (1), offerer with caprids (2), bovine calf (3)

creating them. It took a meticulous manufacturing job
to define the contours, minor anatomical details, cloth-
ing, weapons, boxes for metal elements and masonry
mountings and marks [7]. Most of the sculptures have
been made in one piece and their raw material is large
limestone, in some cases measuring over 150 cm in
width or length. Everything indicates that it comes

from the environs of the Porcuna geological unit, in the
middle of the Guadalquivir depression, which is rich in
sedimentary rocks from the Upper Miocene and Qua-
ternary, less than ten million years old [8]. Stone has
been used in the area as a civilising element for more
than fifteen thousand years in order to manufacture
everything from defensive and hunting tools to ashlars
for defensive or residential use [9].
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Although such cultural heritage is highly relevant, a
complete study of its materials has not been carried out
to help understand and preserve it. These pieces have
been previously studied for the purpose of a past restora-
tion [10]. This work indicates that the rock corresponds a
“calcarenite very rich in globigerinas composed mainly of
calcite, quartz and of phyllosilicates traces. The present
article aims to help improve knowledge of this outstand-
ing legacy of Iberian culture. The materials that make up
the sculptures of Cerrillo Blanco have been studied, con-
centrating the investigation on the characterization of the
stone and its alteration factors.

Material and methods

Sampling

The choice of the archaeological material under study
comes from the Museo Provincial de Jaén (Jaén Provin-
cial Museum, Spain). The homogeneity of the materials
and alterations in the sculptures have made it possible
to carry out a sampling plan concentrating mainly on
the pieces conserved in the museum’s storage, so as not
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to cause alterations to the pieces that have already been
restored.

Each piece’s reference number is described in the
museum’s Domus collections and the sampling was car-
ried out following the UNE-EN 16085 standards [11].
Samples were taken to study the stone and its possible
alterations (Table 1). For the mineralogical and petro-
graphic study, three representative samples of the set
were chosen: 0365, 0353 and 1368. Coloured stains can
be seen on piece 0365; there is a polished surface on
piece 0353; and a slightly polished surface on piece 1368
altered with a whitish appearance and orange spots,
probably produced by the migration of salts and terrig-
enous components when it lay buried. Two samples were
taken per piece, identified by the inventory number, and
a number in parentheses to differentiate the type of sam-
ple: (1) superficial scraping and (2) fragment (Fig. 3).

Orange stains were frequently observed on the pieces’
surface in the field study. To study their composition,
samples 0530 and 0632 were chosen, which belong to the
inner side of the sculpture. The samples were obtained by
scratching the surface of the coloured area. Occasional

Table 1 Materials and analytical techniques used in each study of the archaeological site at Cerrillo Blanco

Archaeological material Reg no Description Analytical techniques
oM POM FTIR RXD FESEM-EDX SF

Stone 0365 Indeterminate fragment

0353 Fragment of human thigh

1368 Fragment of amorphous sculpture
Orange chromatic stains 0530 Amorphous fragment with orange stains

0632
Brown inclusions 0641 Amorphous fragment

1273

= T e s

Scaleincm

Fig. 3 Pieces studied from the sculptural ensemble from Cerrillo Blanco. 0365 (1), 0353 (2) and 1368 (3). Sampling: (1) surface dust and (2) fragment.
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brown inclusions, common in the group, were also stud-
ied in two sculpture fragments: 0641 and 1273 (Fig. 4). As
in the previous case, special attention was paid to obtain-
ing samples of the coloured deposit with a scalpel, with-
out reaching the substrate, so as not to contaminate them
with components from the stone. Remains of materials
from previous restoration work carried out on the pieces
were also studied.

Methods

The stone’s mineralogical, textural and structural compo-
sition was studied using the following analysis techniques
(Table 1): stereoscopic optical microscopy (SOM), polar-
ized optical microscopy (POM), X-ray diffraction (XRD)
to make a quantitative estimate of the mineral phases of
the samples, Fourier-transform infrared spectroscopy
(FTIR) to determine the inorganic and organic com-
pounds present by identifying their functional groups,
field emission scanning electron microscopy with energy
dispersive x-ray analysis (FESEM-EDX), which provides
information on the elements in the sample and topo-
graphical images of the inorganic material; and finally
spectrophotometry (SF) to quantitatively determine the
materials’ colour and chromatic variation [12-14]. The
samples and the analytical conditions in each technique
were prepared as follows:

Samples 0635 and 1273 were studied by SOM. A Leica
S8APOQ (X10-X80) optical microscope equipped with an
incident/transmitted illumination system and light polar-
isation system was used, as well as a Leica Digital Fire-
Wire Camera (DFC). Leica Application Suite (LAS) was
the software used.

The fragments extracted from the stone samples 0365,
0632 and 1368 were observed under a Carl Zeiss Jena
Pol-U polarized light optical microscope equipped with a
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Fig. 4 Orange deposits in fragment 0632 (1). Oxide inclusions in piece 1273 (2)
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Nikon D7000 digital microphotography unit, for mineral-
ogical and textural identification.

To study them, thin slices were prepared, and half of
the slices were stained red with alizarin to discover the
nature of the carbonate present (calcite or dolomite).

In order to know the mineralogical composition of the
stone, a small amount of material was extracted from the
inner side of the sample fragments 0365, 0632 and 1368
so as to avoid contamination from a possible surface
treatment on the sculptures. The samples were ground in
an agate mortar until a powder size of less than 0.053 mm
was obtained. The analysis was carried out using an
X’Pert PRO PANalytical diffractometer with CuKa radi-
ation=1.545 A. The working conditions were: 40 kV,
30 mA and interval 20 studied from 3° to 70°. The data
acquired was interpreted with HighScore software (Mal-
vern Panalytical, UK).

The stone samples 0365, 0632 and 1368 were ground in
an agate mortar until a powder size of less than 0.053 mm
was obtained. A potassium bromide (KBr) tablet was
prepared, pressed at 10 tons for 10 s in a Perkin Elmer
hydraulic press. The analysis by FTIR was carried out
with a Bruker ALPHA portable spectroscope equipped
with reflectance, diamond ATR and transmittance acces-
sories. The software used was Opus with the follow-
ing operating parameters: 4 cm™' resolution, 256 scans,
7500-400 cm ™' range and reflectance mode in a gold
mirror.

The coloured inclusion sample 1273 was analysed using
a Vertex 70 FTIR spectroscope (Bruker Optics) with a
detector with temperature stabilised by FRDGTS (fast
recovery deuterated triglycine sulphate) Bruker Optica®,
with an MKII Golden Gate attenuated total reflectance
mode (ATR) accessory. The working conditions were:
number of scans: 32, with a resolution of 4 cm™!. The
data was processed with OPUS/IR software, version 5.0.
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The samples 0632 and 1273 were studied on a pin-stub
holder, a metallic disc that conducts electricity on which
a double-sided adhesive with carbon is placed to make it
conductive, too.

A Jeol JSM 6300 scanning electron microscope was
used, running with a Link-Oxford-Isis X-ray field emis-
sion microanalysis system. The analytical conditions were
20 kV voltage, 2x10 9A filament current, and a work-
ing distance of 15 mm. The analysis was performed with
a Jeol JSM 6300 scanning electron microscope operat-
ing with a Link-Oxford-Isis X-ray microanalysis system.
The analytical conditions were: 20 kV accelerating volt-
age, 2X10-9A beam current and 15 mm as the working
distance. Quantification was carried out using the ZAF
method for correction of interelement effects [an average
of 20 individual analyses based on three factors: atomic
number (Z), absorption (A) and fluorescence (F)]. Mean-
while, specific measurements were made on individual
grains and aggregates to obtain an estimate of their stoi-
chiometric composition.

A Konica-Minolta CM-700d spectrophotometer (SF)
was used following the UNE-EN 15,886 standard [15].
To study the colour, the CIEL*a*b* system was chosen,
where L* (luminosity) varies from black (with a value
of 0) to white (with a value of 100) and the chromatic-
ity parameters vary from -60 to 60, where a* corresponds
to red (+a*) and green (—a*), and b* to yellow (+b*) and
blue (-b*). The measurement conditions were as fol-
lows: measurement area 3 mm?, standard illuminant D65
and 10° observer with SCI mode and wavelength range
between 400 and 700 nm [16-18]. Two measurements
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were taken per sample. The values of L* a* and b* were
obtained on a fresh cut of the fragments extracted from
the stone samples 0365, 0632 and 1368, making use of the
surface cut to prepare the thin slices, so as to avoid pos-
sible contamination due to the sculptures being buried
[19].

Results and discussion

Characterization of the stone

Polarised optical microscopy (POM)

The petrographic study of the sculpture samples 0365(2),
0353(2) and 1368(2) coincides in their mineralogical
composition and in their texture, so it is the same type
of stone.

The three samples have given similar results, so only
the results obtained for the fragment from archaeologi-
cal piece 0365(2) are shown (Fig. 5). The sculptures’ raw
material is mainly composed of a planktonic foraminif-
era mud and to a lesser extent of benthic foraminifera
homogeneously spread throughout the carbonate matrix,
and a negligible terrigenous component. The latter is
exclusively composed of metamorphic quartz with sub-
rounded grains. The rock can be classified as a bioclastic
limestone [20].

Some reddish-brown iron oxide-hydroxides with a sin-
gle polariser were observed. Plagioclases with albite-type
twinning and some sparitic calcite crystals with high-
interference colours were also identified. The porosity
is predominantly of the intraclastic type, though larger
pores of an irregular morphology (interclastic poros-
ity) were occasionally observed. The matrix is micritic,

Fig. 5 Sample 0365 Micritic calcarenite rock with a predominance of microfossils. 1: 3.2 x field & 4.2 mm (1); detail at 10x field &~ 1.45 mm (2),

3.2xfield # 4.2 mm (3); and 10 x field =~ 1.45 mm (4)
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and dolomite was not detected in the part of the sample
stained with alizarin (Fig. 5).

XRD analysis
In the samples from the sculptures (0365, 0353 and 1368,
from both the surface of the fragment and from the inner
side), the average phase content indicates that there is
93.88% calcite and 5.64% quartz. Exceptionally, traces of
feldspars are also observed in 0.82% in sample 0353(2),
specifically orthoclase (Table 2).

The comparison of the mineral phases of the stone
material from the surface and from the piece’s inner side

Table 2 Composition of the mineral phases (%)

Sample Cal % Qtz % Or %
0365(1)° 95.84 4.16

0353(1) 95.86 414

1365(1) 94.55 545

0365(2) 97.67 233

0353(2) 83.50 13.67 0.82
1365(2) 95.88 412

Sculpture samples: 0365, 0353 and 1368
Mineral phases: Cal calcite; Qtz quartz; Or orthoclase

? Different sampling of the same piece: (1) surface dust and (2) fragment
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is intended to search for minerals in low quantity, mainly
on the surface, caused by contamination from the ter-
rain, since they are archaeological pieces that have been
buried for approximately 2,500 years. No traces of other
minerals have been detected, but it was observed that the
amount of compounds present on the surface is homoge-
neous—unlike inside the piece—which could be caused
by a surface polishing treatment on the sculptures.

FTIR

In the sculpture samples’ IR spectrum, the same organic
and inorganic compounds have been identified on both
the surface of the pieces (Fig. 6) and the inner side. Bands
of mineral compounds predominate: characteristic bands
of calcite were identified at 1433 cm™!, 875 cm™' and
713 cm™; and silicates at 1000 cm ™! and 1100 cm™; as
well as low intensity bands of organic compounds.

The designations of bands associated with the organic
compounds were made in accordance with the inter-
pretations suggested by Morrison [21]. The ester C=0
band is found at 1735 cm™!, the amide CH band at
1640 cm™! and the C-O tension band of polysaccharides
at 1030 cm™!. The functional groups, associated with
the sculpture’s bands of organic compounds, could indi-
cate the application of a protective, polishing or pictorial
treatment on the sculptures’ surface.

%T

i 0353(1
30? ( )
- 0365(1) 875
20-;
15 1368(1)
9 1433
53
4000 3500 3000 2500 2000 1500 1000 500
Wav enumbers (cm-1)
— S A S SE—
O-H Cc-0 C=0C=C CH Cc-0 C-H

Fig. 6 Infrared absorption spectrum of inorganic and organic matter from samples 0365(1), 0353(1) and 1368(1). Characteristic bands of calcite

were identified at 2515 and 1798 cm™' as well as low intensity bands of nonspecific organic compounds at 2872, 2927 and 2986 cm™

1



Romero-Noguera et al. Heritage Science (2023) 11:99

Spectrophotometry

The chromatic and luminosity difference between the
stone fragments studied (1368, 0363 and 0365) is very
low and not detectable with the naked eye (Fig. 7).

Coloured deposits

This section studies the composition and origin of the
alterations due to orange stains that can frequently be
found in fragments of sculpture, and which may come
from the remains of polychromy, the migration of ferrous
minerals in the site’s soil or from dyeing substances pro-
duced by microorganisms. SOM, FESEM-EDX and FTIR
analysis was carried out to identify the morphology of
the coloured stains and characterise their elemental com-
position in samples 0530 and 0632. The results for piece
0632 are shown.

Stereoscopic optical microscopy (SOM)

The images obtained by SOM with episcopic illumina-
tion (Fig. 8) show this sample’s micromorphology. There
are irregular microcrystalline aggregates of biocalcar-
enite rock (size approx. 200 um) and brown-black and

16

o
& 136812) & 0352)
0363(2)
b 81 .
4 1
0 v v v . . :
0 05 1 15 2 25 3
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ochre aggregates associated with clay minerals and iron
oxides [22].

FESEM-EDX

In the FESEM analysis, small crystals (<1 pm) with a
laminar habit were identified [23] that are associated with
clay minerals and/or hematite. The presence of clay min-
erals was confirmed by the presence of Si, Al, Mg and K,
and the presence partially hydrated calcium sulphate by
the S signal (Fig. 9). The percentage higher than 28.37% of
Fe found in some specific analyses indicates the presence
of hematite.

Coloured inclusions

In the archaeological site, metallic elements have been
found close to the sculptures’ burial area, so it is thought
that the brown inclusions could be due to corrosion phe-
nomena owing to the stone surface being in contact with
them [24]. The composition and structure of these inclu-
sions were studied in samples 0641 and 1273 by SOM,
FESEM-EDX and FTIR spectroscopy. Both have given

62 -

78

76 4

0365(2} 03653(2) 1358(2)

Fig. 7 Variation of chromaticity (left) and luminosity (right) for the fragments from the Iberian pieces from Cerrillo Blanco (1368, 0363, 0365)

Fig. 8 Episcopic illumination shows 0632 (1). FESEM Image in secondary electrons acquired at 3 kV. Sample 0632 (2)
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Fig. 9 X-ray spectra obtained from an area of the sample 0632 (100 x 100)

very similar results, so only the results obtained in sam-
ple 1273 are shown.

Stereoscopic optical microscopy (SOM)

The images obtained by SOM with episcopic illumina-
tion show this sample’s micromorphology. There are
irregular microcrystalline aggregates with an orange hue
(maximum dimension approx. 800 um).

FESEM-EDX

The images obtained by secondary electrons with FESEM
show these same aggregates, mainly made up of particles
smaller than 1 pm. Acicular habit crystals with a length
in the range of 200400 um were identified, that are asso-
ciated with clay minerals and crystals of irregular and
laminar morphology, which in turn are associated with
whewellite/weddellite, goethite and hematite (Fig. 10).

Structures of a microbiological nature or coccoliths
have also been identified in the sample. These form the
external mineralised structure (calcite) or cocosphere of
coccolithophore-type marine algae, probably Calcidiscus
leptoporus, which are also part of the biocalcarenite rock
that makes up the structures.

The X-ray spectrum obtained from one of these aggre-
gates gives the average elemental composition of the sam-
ple. The percentage higher than 25% of Fe in the sample
confirms the majority presence of iron oxides. The pres-
ence of aluminosilicate-type minerals is also confirmed
by the presence of Si, Al, Mg and K in low proportions.
The Ca content is associated with calcite or calcareous
materials (Table 3).

FTIR

The IR spectrum obtained from the sample (Fig. 11) is
dominated by the characteristic absorption bands of
whewellite/weddellite, calcite and clay/plagioclase and
quartz/amorphous silica-type minerals, which are mainly
associated with the sculpture’s stone base, given the simi-
larity of the corresponding IR spectra [25-27]. Goethite
and hematite have also been identified. Table 4 shows the
characteristic bands of the minerals identified.

Restoration work

Previous reports about restoration of the Cerrillo Blanco
sculptures indicate that the most eroded areas of the
sculptures were consolidated with Paraloid B72 [10].
Using FTIR spectroscopy, the study describes the pres-
ence of an organic compound compatible with an acrylic
resin such as Paraloid [28, 29] in most of the surface sam-
ples taken from the entire complex, its use not being con-
centrated on specific areas.

The application of Paraloid B72 on the sculptures from
Cerrillo Blanco does not imply a deterioration of the
original material in the short-term, due to the low quan-
tity applied [30]. No relevant chromatic difference has
been observed between the untreated samples and the
consolidated samples. Even so, it is considered to be an
unnecessary treatment due to the good state of conser-
vation of the pieces since their discovery. That treatment
has meant a setback in the scientific characterisation of
the sculptures’ materials and technologies due to the fact
that the consolidant has hindered the analyses carried
out on most of the samples, and has even concealed the
presence of a possible organic binder [31].
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.Images in secondary electrons acquired at 3 kV: General image of the sample (2), Detail of a

microorganism (3), Equidimensional carbonate crystals (4), Lamellar aggregates in the form of a honeycomb (5), Acicular crystals of clay (6)

Table 3 Elemental composition (expressed as % of elements)

obtained by FESEM-EDX from sample 1273

Element Elemental
composition (%
mass)

C 15.88

O 50.14

Mg 0.59

Al 041

Si 577

Ca 1.73

Fe 2547

Total 100

g

Absorbance Units

010 015 020 025 0 03

005

T T T T

38500 2000 200 2000 1500

Waeaurber em-1

Conclusions
From the study carried out on the Cerrillo Blanco Iberian
sculptures (Porcuna, Jaen, Spain) is concluded:

Aosordanos Units
025 00 0%

0

1. For the elaboration of the sculptures has been used

a bioclastic limestone, composed mainly of a plank-
tonic foraminifera mud, and to a lesser extent of
benthic foraminifera, homogeneously spread out in
the carbonate matrix, and of quartz in a tiny propor-
tion. There are also traces of phyllosilicates and some
reddish-brown iron oxide-hydroxides. It is known as
white rock due to its homogeneous light beige colour
in all of the sculptures, as shown by the spectropho-
tometric analysis. All Iberian stone art uses similar

T T T T T T T T
1000 900 00 0 600 500
Wavenunber e 1

Fig. 11 IR analysis from of sample 1273. General IR spectrum and detail in the 900-500 cm™" region. A clays/plagioclase, C calcite, H hematite, W
whewellite/weddellite, Q quartz, G goethite
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Table 4 Wavelength ratio at 1600 cm™"' for the minerals identified in samples 0641 and 1273

Minerals identified

IR bands (cm™")

Calcite

Whewellite/Weddellite (calcium oxalate mono- and dihydrate)

Clay/plagioclase minerals

Quartz

Goethite

Hematite

2873 (vibration 2v; carbonate group)

2515 (vibration 2v,+ v, carbonate group)

1798 (vibration 2v; + v, carbonate group)

1425, 1397 (v;, symmetric stretching vibration of the carbonate group)
878 (v, out-of-plane bending vibration of the carbonate group)

710 (v,, out-of-plane stretching vibration of the carbonate group)

3541, 3400 (stretching vibration of hydroxyl groups)
1627 (COO group asymmetric stretching vibration)
1324 (COO group asymmetric stretching vibration)
789 (-COO group vibration)

3380 (stretching vibrations of water)

994 (stetching vibration of Si-O silicate bonds)
910 (internal hydroxyl deformation vibration)
542 (OH bending vibration)

1089 (stetching vibration of Si-O silicate bonds with E symmetry)
798, 778 (Qtz double)
512 (Si-O bond deformation vibration)

3185 (stretching vibration of hydroxyl group)
892 (shoulder) (OH bending vibration)
790 (shoulder) (OH bending vibration)

(
524 (an-isodimensional Fe—O bond stretching vibration)
557 (isodimensional Fe—O bonds'stretching vibration)

types of this sedimentary rock, which are abundant
in the geological area of the Mediterranean and close
to this culture’s settlement sites. It has optimal char-
acteristics for workability due to its low hardness (3
on the Mohs scale), which allows it to be carved rela-
tively easily, and it is still an artistic material in great
demand today.

2. The Porcuna area, where Cerrillo Blanco is located,
is formed by alternating sandstone and marl. Specifi-
cally, the southwest of the town sits on an outcrop of
tertiary formations from the Upper Miocene (Anda-
lusian), where calcareous sandstones rich in organic
fragments are characteristic [[GME 2023]. It is there-
fore very probable that materials that makes up the
sculptures comes from this area, where there are still
quarries in operation, such as those of Porcuna, San-
tiago de Calatrava or Mercadillo, close to the Iberian
city of Ipolca and the archaeological site.

3. The analyses carried out show the presence of oxides
deposited on the samples’ inner surfaces, which rules
out the possibility that they belong to a polychrome
layer, and implies that the orange oxides form part of
the stone’s composition due to contact with the soil
where the sculptures were deposited, owing to the
influence of climatic conditions.

Occasional inclusions of approximately 0.5 to 1 mm
thick can also be seen, which is an exceptional form
of alteration, albeit representative of the general state
of conservation of the complex. The presence of clay

minerals and crystals of irregular and laminar mor-
phology, associated with whewellite/weddellite, goe-
thite and hematite in contact with the stone for a long
time, would explain the high percentage of iron content
in the sample. It could also be associated with some
type of clay from the ground that has crystallized on
the surface.

There are still matters to be studied regarding the pos-
sible existence of polychromy, metallic elements added
to the sculptures or used to carve them, deterioration of
anthropic origin (marks and incisions), origin of stone
materials and biodeterioration factors, which will be the
subject of further investigation.
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