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The colours of Rome in the walls
of Castulo (Linares, Spain)
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Bautista Ceprian'3

Wall paintings have become one of the most relevant, complex and challenging research subjects

in Archaeometry. Minimally- or non-invasive, accurate and multidisciplinary methods are needed

to successfully address the problems posed by their physical and chemical properties and by their
analysis techniques. Specifically, the analytical method implemented for the study of this type

of samples must enable a precise separation of the chemical information from backgrounds and
scenes, allowing the identification of pigment’s components in overlapping layers, the detection

of minority components and the elucidation of pigment mixtures. Thus, this paper puts forward

a multidisciplinary approach towards these goals by means of the combined use of micro Energy
Dispersive X-ray Fluorescence (LEDXRF) surface mapping and single-spot micro-Raman spectroscopy
and pEDXRF analysis. The samples under research come from the site of Castulo (Linares, Spain), one
of the most important Roman cities in the Iberian Peninsula. It must be emphasized the uniqueness
of the walls of Castulo, their optimal conservation state and the richness and variety of the colour’s
palette used in their decoration, which make them an excellent and representative example of Roman
wall paintings.

The Roman immovable and movable heritage of Europe is outstanding not only in terms of quantity but also
of quality. As a research subject, it pursues both historical reconstruction and the design of preservation and
restoration strategies and diagnostic procedures. It is, thus, a major area of development for archaeometric
analysis, especially as regards spectroscopy. Wall paintings are particularly remarkable in this regard. A major
component in the decoration of public and private buildings, it is one of the most attractive heritage goods of
museums and sites. Research on wall paintings and on their preservation is a source of archaeometric projects
intended to retrieve as much information as possible with the least possible alteration or damage to such rich
and invaluable decoration.

Wall paintings have typically been researched based on simple decorative patterns or on single-spot analysis
of samples, sometimes amounting to just a few. In most cases, the aim was the identification of the pigments and
the binders used', a better knowledge of how the paintings were made®~’, and proper understanding of the pro-
cesses that may damage the painted surfaces®™!. The results obtained are often under the influence of the specific
properties of the paint layers, of the raw materials used and of the limitations of the analytical techniques used.

This paper therefore sets out to put forward and test a chemical analysis procedure for general use in research
on wall paintings. The paper relies on research on a wide gamut of colours, on a significant number of samples,
and on the experience gained from addressing a range of difficulties found for the use of certain techniques and
posed by the properties of the pigments under research.

Methodological improvements are mainly with regard to spectroscopy analysis. While MRS and hEDXRF
techniques have been used widely in Roman contexts, issues remain in the application and subsequent inter-
pretation of the results obtained therefrom, e.g.: the single-spot analysis technique, the limited number of spots
considered (which may not be representative of the whole area under research), sample heterogeneity, overlap-
ping colours, the thickness of the colour layer, or the sample’s fluorescence or interferences caused by the solid
matrix near the material studied'?. These problems can be addressed by the systematic scan of the surfaces using
HUEDXREF and the joint analysis of the maps obtained in terms of the semi-quantitative elemental composition
and the single-spot MRS measurements results.
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Figure 1. (a) Virtual reconstruction of the Roman city of Céstulo?. (b) Building D, area 2 of Céstulo. (c) Room
6 in the Building D (Photos: Francisco Arias de Haro).

Albeit in limited cases, elemental mapping technique for research on wall paintings is attested in the special-
ized literature. Examples are the paintings of the Roman villae of Miilheim-Kérlich and Wossingen (Germany)
(using a synchrotron source of X-rays)'> of the Roman town Ulpia Traiana Sarmizegetusa (Romania) (by scan-
ning electron microscopy with energy dispersive X-ray spectroscopy)'® and of the Villa dei Quintili (Rome),
for which handheld equipment was used'®. Moreover, XRF mapping in its different modalities has also been
implemented in different types of archaeological materials such as the ink of a papyrus of Herculaneum'® and
on the Fayum painting ‘Portrait of a woman, of the 2nd ct. a.D., from the collection of the National Gallery of
Art in Washington DC'”. More recent paintings that have also been analysed using similar mapping procedures
are the Renaissance frescoes “The Loggia of Cupid and Psyche’ in Villa Farnesina (Rome)'® or the ‘Portrait of a
Woman' by Edgar Degas®.

Validation of the method presented here relies on research on samples retrieved from Céstulo (Linares,
Spain). This Roman town had enough political, economic and geostrategic relevance as to host major public and
private buildings with decoration according to the patterns and style of such major towns as Pompeii and Rome.

The archaeological site of Castulo lies on the right bank of River Guadalimar, in Linares (Spain) (Supplemen-
tary Fig. S1). It is one of the main settlements of the Ibero-Roman period, both for the surface covered by its
walls (50 ha) and for its strategic location high in the upper Guadalquivir Valley, near the silver mines of Sierra
Morena. Late in the 3rd ct. b.C., Céstulo became involved in the 2nd Punic War, as Romans and Carthaginians
strived to control one of the richest areas as regards human and material resources. In 206 b.C., General Publius
Cornellius Scipio eventually conquered Céstulo for Rome, and it remained within the Roman Empire until the
fall following the crisis of the 3rd ct. a.D.

As a Roman settlement, it reached a significant peak late in the Ist ct. a.D., with a theatre decorated with
sculptures, therms, lavatories, a forum and an amphitheatre for gladiator games. Castulo also built a supply
network with aqueducts, channelling, tanks and fountains®®?! (Fig. 1a). Its richness during the High Empire
contrasts with the decline during the Empire’s crisis in the 3rd ct. a.D. Still, Castulo recovered in the 4th and 5th
ct. a.D.* and remained inhabited during the Muslim period and during the Castilian conquest early in the 12th
ct. The site was finally abandoned in the mid-15th ct. after several attempts to repopulate it***.

The 2011 excavation of Céstulo unearthed a large building of ca. 33x12m decorated with impressive mosaics
and wall paintings (Building D)?*-%. The building dates back to the end of the 1st ct. a.D. It may have been built
to honour Emperor Domitian (51-96 a.D.) and must therefore have been a public building (Fig. 1b). It must
also have been part of an Imperial project, and probably exhibited maiestas imperii to exalt the Emperor as the
Empire’s head in accordance with a policy that went as far back as August’s distinction of the Julio-Claudian
dynasty**.
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Figure 2. Analysed fragments of Roman wall painting from room 6.

The building does not show physical wear or degradation that may have resulted in fractures, fissures or
collapse after abandonment. This suggests that it may have never been used, as it was never completed®. A deci-
sion to demolish it was taken in accordance with Domitian’s damnatio memoriae, i.e. the condemnation of the
memory of the last emperor of the Flavian dynasty: the conspiracy that led to his assassination in 96 a.D. was
followed by the Senate’s decree to condemn his memory and destroy his works, so the building was left in ruins
as a symbol of the Senate’s power.

The samples discussed here are part of the decoration of the walls of Room 6 of Building D (Fig. 1¢). Unlike
other studies of Céstulo, limited in scope?” and methodological rigour? this is intended as a fully comprehensive
approach. Aiming at a level beyond that of case studies, it puts into practice the method described above and
discusses a variety of problems and responses that can be used for research on wall paintings in general.

The samples are representative of most of the colours and chromatic gamut that were typically used for wall
painting in the villas and palaces of the Roman Empire. The paper researches white, yellow, red/rose, brown, blue
and green, i.e. virtually all the tones used in Roman painting and described by the three main classical authors
(Theophrastus, Vitruvius and Pliny the Elder) as regards their basic colours, namely: yellow, red, white, black,
blue, green and purple. Shades of these were obtained varying their composition or mixing them with other
colours*?-*1. Of the latter list, purple is not present in the sample and is therefore not discussed in this paper.

The samples under study evidence other major points in pigment analysis: complex figurative decoration,
mixed colours, overlapping colour layers of varying thickness (colour stratigraphy is especially relevant, as it
may bias the results), and the use of pigments that must have had a major influence on the entire process of
painting (Fig. 2).
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Figure 3. pEDXRF mappings of strontium (Sr) in fragments 1, 4, 6, 8, 9, 10 and 11. Experimental conditions in
Supplementary Table S15.

Results

A differential overview of the composition of clothes, bodies and areas decorated with white lines compared with
the coloured backgrounds was obtained by uEDXRF scanning. This technique detected a relative concentration
of Sr in the surface of the fragments with figurative decoration three times higher than in the red and yellow
backgrounds (Fig. 3, Table 1). The same can be said of the white lines that separate surfaces of different colour
in the fragments with non-figurative decoration (fragment 6). The conclusion is that the decoration was made
with pigments with a common base, where the amount of Sr was significant. This may be because strontianite
(SrCO;) was used alongside calcite (CaCO,) for some pigments!*333,

MRS failed to detect the presence of Sr. This fact can find a two-fold explanation: (1) the position of the sym-
metric carbonate stretching vibration in group II carbonates is controlled by the presence of calcium, even when
significant amounts of strontium or barium occur in the crystalline structure®® (2) the detected relative amounts
of strontium are very low (0.5 wt % on average) as compared with calcium (57.31 wt % on average). Thus, this is
a case in point as regards the relevance and the descriptive potential of surface composition scanning (LEDXRF):
the occurrence and specific distribution of strontium would have not been recorded otherwise, and its role in
the decoration would have passed unnoticed for the single-spot method.

On the other hand, in some previous studies®>, the presence of Sr was connected with the use of gypsum or
celestine in the pictorial and/or preparation layers. In the case of our samples, the lacking evidence of these in
any of the Raman spectra in the samples under research and the low relative concentrations of sulphur attested
by tEDXRF (0.35 wt % on average) suggest that the use of these species should be discarded. As a matter of fact,
relevant levels of S were detected only in fragments 1 and 10, but even in these cases, the values are most probably
due to the cinnabar used as a pigment for the pink layer under the white motifs researched.

An alternative hypothesis that should be dis/proved in subsequent research based on a larger number of
samples bears relation to the protective and luminescent properties of Sr*”*: as it occurred only in the samples
of figures and in white lines, it may have been used intentionally to give the main scenes a brighter shade and,
therefore, higher relevance.

The colours of the palette. Supplementary Table S1 shows the Raman bands of the spectra that were con-
sidered significant and that led to the diagnosis of the mineral components of the pigments used. Figures 4 and 5
show the most significant Raman spectral profiles and the average concentration values of elements identified by
UEDXREF (Table 1) and that may be of relevance for the disclosure of the mineral composition of the decorated
areas (Supplementary Tables S2-512).
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Colour | Frag a/b | n°pt [ Na,O |s.d MgO | sd ALO, | sd SO, |s.d K,0 |sd CaO |s.d Fe,0; | s.d CuO |sd SrO | sd HgO | s.d PbO, | s.d
1 b 5 0.01 |003 | 116 | 089 | 216 |0.89 | 1.02 | 024 | 060 |0.19 | 6743 | 1058 | 16,55 | 8.81 | 0.02| 001|054 | 025 | 0.00 | 0.00 |0.59 |0.32
2 a 1 0.00 - 0.87 - |e610 - 013 | - |08 | - 5250 | - | 2295 - 0.02 - 017 | - 0.00 - | 0.08 -
4 a 3 0.03 | 003 | 089 |019 |529 |071 | 030 | 023 | 099 | 010 | 4098 | 3.08 | 30.63 | 4.26 | 0.02| 0.00|025 |0.08 | 000 | 0.00 |0.05 |0.01
4Fe b 4 032 | 022 | 085 | 039 | 253 |093 |030 | 004 | 046 | 037 | 7343 | 512 913 | 479 | 0.03| 001|100 | 072 | 000 | 0.0 | 038 | 0.03
4Pb | b 3 0.68 | 0.14 | 085 | 022 |210 |1.17 | 027 | 008 | 031 |023 | 7708 | 7.38| 443 | 273| 003 | 001|197 | 050 | 0.00| 0.00 | 1.64 | 0.63
6 a 3 0.04 | 007 | 131 | 027 | 604 |056 | 011 | 005 |1.00 | 014 | 4212 | 579 | 2651 | 658 | 0.03| 0.01|0.11 |00l | 0.00| 0.00 | 0.08 | 0.02
8 a 1 0.00 - | 080 - 5.23 - 003 | - |097 | - 40.25 - | 2620 - 0.03 - 012 | - 0.00 - |o1l -
Yellow b 6 0.00 | 000 | 111 | 061 |231 |078 | 011 | 007 | 032 |0.10 | 63.22 | 1329 | 23.16 | 12.67 | 028 | 030 | 0.14 | 0.58 | 0.0 | 0.00 | 0.30 | 0.13
9 a 5 119 | 227 | 164 | 008 | 683 | 078 | 0.00 | 000 | 0.91 | 0.10 | 43.50 | 4.44 | 2322 | 644 | 0.02| 0.01|0.11 | 004 | 0.00| 0.00 | 0.06 | 0.03
10 a 3 0.00 | 0.00 | 0.61 | 034 | 414 | 034 | 048 | 0.10 | 1.04 | 0.13 | 55.03 | 3.00 | 22.52 | 3.00| 0.02| 001|016 | 002 | 0.0 | 0.00]| 0.09 | 0.01
10 b 3 0.00 | 0.00 | 1.01 | 0.06 | 3.24 | 0.61 | 0.58 | 0.07 | 0.73 | 0.24 | 65.05| 652 | 1538 | 3.62| 029| 0.14|0.12 | 026 | 0.00| 0.00| 045 | 0.24
11 a 5 0.00 | 0.00 | 1.78 | 021 | 563 | 2.15 | 033 | 0.02 | 0.64 | 0.53 | 47.32 | 7.54 | 27.57 | 373 | 0.04| 002 ]0.12 | 003 | 0.00| 0.00| 048 | 0.24
11Fe | b 19 0.00 | 0.02 | 201 | 042 | 470 | 099 | 049 | 0.06 | 0.57 | 0.15 | 56.89 | 8.08 | 18.86 | 6.90| 0.12| 0.8 | 025 | 022 | 000 | 0.00| 046 | 0.19
11Pb | b 2 0.00 | 0.00 | 1.88 | 0.11 | 3.80 | 0.17 | 047 | 0.12 | 0.78 | 0.33 | 63.66 | 194 | 1411 | 1.36| 0.03| 0.00| 0.64 | 0.07 | 0.00 | 0.0 | 1.05 | 0.07
1 a 4 0.05 | 0.07 | 139 | 0.30 | 1.63 | 045 | 0.64 | 0.16 | 0.32 | 0.03 | 44.45 | 7.91 | 4473 | 673 | 006 | 0.02 | 0.18 |0.02 | 001 | 001 |0.11 |0.02
1 b 6 0.00 | 000 | 154 | 027 |3.63 | 133 |527 | 408 | 060 | 017 | 44.86 | 1445 | 1504 | 9.67 | 0.11| 0.09 | 029 | 0.18 | 1443 | 1519 | 1.20 | 0.71
2 a 1 0.00 - 224 | - 1.79 - o012 | - |o024 | - 4927 | - | 3850 - 006 | - |020 | - 0.00 - | 007 -
3 a 2 0.10 | 013 | 216 | 052 |276 | 033 | 019 | 004 | 030 | 0.04 | 41.17 | 12.66 | 43.69 | 1512 | 0.04 | 0.00 | 0.15 | 0.07 | 0.00 | 0.00 | 0.07 | 0.00
4 a 5 0.19 | 011 | 151 | 058 | 221 |098 | 026 | 005 | 045 | 0.16 | 5293 | 6.48 | 30.68 | 818 | 0.09| 0.11|0.19 |0.07 | 000 | 0.00 | 0.09 | 0.02
6 a 3 0.05 | 0.09 | 224 | 055 |329 |072 |020 | 003|069 |03 | 4559 | 11.94 | 27.45 | 3.99 | 029 | 0.46|0.13 | 002 | 000 | 0.00 | 0.11 | 0.02
Red 8 a 2 0.00 | 0.00 | 086 |037 | 149 | 053 | 011 | 002 | 033 | 009 | 5045 | 4.33|39.86 | 1.97| 008 | 0.04|0.17 |0.02 | 0.00| 0.00 | 0.14 | 0.01
9 a 6 211 | 326 | 1.82 | 037 | 223 | 050 | 000 | 000 | 026 | 0.05 | 4323 | 11.58 | 38.17 | 1523 | 0.05| 003 | 0.11 | 0.04 | 0.07 | 0.15| 0.08 | 0.02
9 b 7 0.05 | 010 | 1.92 | 064 |3.16 | 076 | 0.12 | 0.09 | 036 | 0.09 | 63.11 | 586 | 17.90 | 4.51| 0.13| 009 | 050 | 0.19 | 0.01| 0.03| 020 | 0.16
10 a 3 0.05 | 0.09 | 0.89 | 010 | 1.54 | 027 | 070 | 0.16 | 0.40 | 0.04 | 42.87 | 4.47 | 4589 | 4.32| 0.09| 003|013 | 002 | 001 | 001|013 | 0.04
10 b 2 0.00 | 0.00 | 1.28 | 0.20 | 495 | 034 | 0.54 | 0.02 | 1.23 | 0.33 | 48.14 | 523 | 1555 | 2.01| 037| 004|039 |00l | 033| 011|018 | 0.20
11 a 7 0.00 | 0.00 | 2.14 | 0.19 | 3.46 | 046 | 049 | 0.07 | 0.44 | 0.14 | 42.43 | 1051 | 3874 | 11.22 | 022| 035 0.13 | 0.03 | 0.0 | 001|014 | 0.15
11 b 7 0.00 | 0.00 | 239 | 053 | 413 | 039 | 051 | 009 | 052 | 017 | 5522| 7.69 | 21.69 | 7.35| 0.18| 021|052 | 030 | 0.00| 0.00]| 0.67 | 0.48
4 b 12 030 | 038 | 1.14 | 046 | 2.51 | 0.64 | 035 | 0.12 | 0.53 | 0.14 | 55.83 | 9.24 | 21.09 | 9.82| 0.14| 0.3 | 1.03 | 028 | 000 | 0.0 | 046 | 0.19
Brown 9 b 3 0.00 | 0.00 | 1.74 | 040 | 2.66 | 074 | 0.18 | 0.07 | 0.26 | 0.06 | 7499 | 516 | 629 | 326| 0.05| 004|119 | 035 | 3.09| 1.58|0.18 | 0.03
1 b 8 0.00 | 0.00 | 1.52 | 025 | 403 | 1.17 | 815 | 508 | 0.51 | 0.20 | 45.16 | 16.83 | 1477 | 7.53| 0.04 | 0.02| 034 | 0.18 | 11.07 | 9.68 | 1.74 | 0.82
Pink 9 b 9 0.00 | 0.00 | 1.69 | 025 | 2.98 | 1.08 | 0.45 | 0.48 | 0.41 | 037 | 70.75 | 824 | 7.96 | 4.08| 005| 0.04 | 082 | 040 | 254 | 256|0.17 | 0.08
10 b 3 0.00 | 000 | 098 |0.16 |268 |085 |816 | 165 |0.54 | 0.17 | 5441 | 7.06 | 434 | 1.06| 0.05| 001 | 1.05 | 0.11 | 1430 | 3.89 | 3.93 | 0.61
1 b 5 0.16 | 025 | 150 | 011 |3.99 |026 | 026 |012 | 134 | 034 | 4673 | 546 | 353 | 1.53| 328 | 203|036 |0.11 | 11.01 | 6.66 | 1.61 | 0.48
2 b 2 0.89 | 034 | 171 | 048 | 299 | 030 | 006 | 008 | 052 | 012 | 2571 | 860 | 085 | 037 | 1095 | 11.38 | 023 | 021 | 0.00 | 0.00 | 0.03 | 0.01
3 b 2 1.80 | 210 | 179 | 1.16 | 509 |337 | 012 [ 008 | 122 | 050 | 2622 | 1191 | 129 | 0.88| 9.86| 7.33|0.17 |0.02 | 0.00| 000 0.06 | 0.01
Blue 5 alb |6 041 | 057 | 140 | 091 | 486 |3.60 |037 |022 | 130 | 093 |2772| 9.11| 1.60 | 1.13| 1501 | 651 |0.07 | 0.02 | 0.00 | 0.0 | 0.14 | 0.04
6 b 2 0.88 | 028 | 1.88 | 021 |333 |006 | 016 | 002 | 207 | 128 | 2842 | 519| 10.12 | 2.08 | 947 | 2.88|0.13 | 007 | 0.00| 0.00 | 0.08 | 0.01
7 alb | 4 045 | 051 | 1.02 | 073 | 451 | 248 | 056 | 025 | 122 | 0.73 | 2215 | 6.67| 140 | 1.01 | 14.64 | 7.11|0.11 | 0.04 | 0.00| 0.00 | 0.14 | 0.03
1 b 4 0.00 | 0.00 | 2.85 | 028 | 450 | 0.64 | 0.06 | 0.11 | 447 | 0.35 | 41.70 | 3.96 | 16.66 | 6.59 | 0.07 | 0.03 | 0.19 | 0.10 | 3.18 | 3.72| 074 | 0.84
1(bn) | b 1 1.28 - 219 - 5.75 - 0.09 | - 372 | - 30.65 - | 1201 - 7.17 - o012 | - 0.00 - | 0.04 -
2 b 1 0.78 - | 221 - | 432 - 015 | - 193 | - 62.88 - 3.74 - 034 - 009 | - 0.00 | - |0.05 -
3 b 3 0.00 | 0.00 | 301 | 149 | 473 | 148 | 0.14 | 0.03 | 538 | 3.85 | 4028 | 27.39 | 11.11 | 737 | 026| 0.5 0.14 | 0.01 | 0.0 | 0.00| 0.06 | 0.01
4 b 10 031 | 038 | 1.78 | 0.61 | 3.58 | 1.03 | 0.20 | 0.05 | 3.01 | 2.00 | 40.03 | 13.94 | 1845 | 6.97| 0.09| 0.14 | 0.19 | 0.06 | 0.0 | 0.00| 0.07 | 0.04
4(bn) | b 1 0.66 - 109 | - |271 - o022 | - |318 | - 43.59 - | 1668 - 4.05 - 019 | - 0.00 - | 0.09 -
6 b 3 0.00 | 0.00 | 226 | 1.06 | 459 | 1.04 | 0.12 | 0.13 | 3.82 | 0.99 | 38.98 | 277 | 20.11 | 3.14| 0.03| 001|010 | 002 | 000 | 0.00]| 0.10 | 0.01
Green | g (bn)| b 1 0.00 - 3.33 - 3.35 - 0.26 - 3.72 - 24.03 - 19.59 - 1.00 - |o11 - 0.00 - |o012 -
8 b 1 0.00 - | 221 - 1338 - 1002 | - |407 | - 3919 | - | 2359 - 1.78 - 1013 | - 0.00 - | 014 -
8 (bn.) | b 2 0.35 006 | 071 |008 |1.71 |0.10 | 001 | 001 |1.07 | 019 | 2519 | 1.90| 1509 | 1.07 | 11.96 | 120 | 0.06 | 0.00 | 0.00 | 0.00 | 0.09 | 0.00
9 b 5 371 | 177 | 1.94 | 043 | 504 | 1.86 | 0.04 | 0.09 |2.68 | 041 | 3495 | 7.84 | 13.93 | 420 | 023 | 0.1 |0.11 |003 | 001 | 001|013 |0.18
9(bn) | b 6 2.00 | 0.86 |219 | 030 |3.09 | 061 | 000 | 000 | 242 | 044 | 3093 | 338 | 1650 | 929 | 638 | 3.69|0.16 | 003 | 000 | 001|005 | 0.01
10 b 4 0.00 |0.00 |202 |039 | 471 |1.50 | 044 | 006 | 322 | 071 | 41.70 | 558 | 1855 | 641 | 1.06| 0.88|0.17 | 005 | 001 | 0.01|0.09 | 0.01
(lgn‘) b 3 073 | 056 | 094 |0.13 | 296 |0.53 [030 | 005 | 1.83 | 0.81 | 2506 | 506 | 1031 | 9.15| 1420 | 6.17 | 0.14 | 0.06 | 0.01 | 0.01 | 0.06 | 0.01
Continued
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Colour | Frag a/b | n°pt | Na,O | s.d MgO | sd ALO; | s.d SO, |s.d K,0 |sd CaO |sd Fe,0; | s.d CuO |sd SrO | sd HgO | sd PbO, | s.d
1 b 4 0.00 0.00 | 1.36 | 0.38 | 2.62 0.86 | 1.50 | 0.47 | 0.61 | 0.46 | 67.34 | 6.03 7.38 4.98 0.03 0.03 | 0.68 | 0.30 7.16 | 477 | 2.16 1.01
2 b 2 0.48 0.42 | 0.88 0.10 | 1.30 0.25 | 0.26 | 0.04 | 0.22 | 0.06 | 85.07 6.13 4.94 5.03 0.26 0.03 | 0.95 | 0.05 0.00 0.00 | 0.06 0.01
2(bn) | b 3 0.76 0.76 | 1.17 0.41 | 3.46 250 | 0.82 | 0.13 | 0.61 | 0.38 | 61.95 6.10 2.65 2.12 6.40 1.74 | 0.59 | 0.17 0.00 0.00 | 0.03 0.02
3 b 2 0.00 0.00 | 1.65 | 0.46 | 3.11 021 | 026 | 0.02 | 0.24 | 0.01 | 81.87 0.63 1.94 099 | 0.10| 0.10| 0.69 | 0.71 0.00 0.00 | 0.11 0.04
3(bn)|b 2 0.09 0.13 | 1.84 0.72 | 2.63 0.21 | 0.84 | 0.01 | 0.36 | 0.10 | 67.51 | 17.16 2.84 2.96 4.69 4.18 | 0.26 | 0.33 0.00 0.00 | 0.03 0.01
4 b 5 0.60 0.32 | 0.74 0.22 | 1.81 0.33 | 032 | 0.06 | 0.36 | 0.11 80.79 1.51 4.62 1.51 0.06 0.05 | 1.05 | 0.32 0.00 0.00 | 0.22 0.14
4(bn) | b 3 0.73 0.31 | 091 0.42 | 1.40 0.15 | 0.84 | 0.06 | 0.41 | 0.02 | 55.80 | 550 | 2.52 1.17 | 10.59 | 4.50 | 0.58 | 0.04 0.00 | 0.00 | 0.12 0.14
6 b 5 0.02 0.04 | 1.24 045 | 2.17 0.51 | 0.26 | 0.03 | 0.32 | 0.09 | 78.54 5.61 5.47 4.32 0.04 0.02 | 1.01 | 0.46 0.00 0.00 | 0.10 0.03

White 6 (bn)| b 1 0.04 - o074 | - |234 - o023 | - |o64 | - 59.85 - 138 - 854 | - | 137 | - 000 - |013 -
8 b 5 0.00 0.00 | 1.10 | 0.36 | 3.93 1.75 | 0.18 | 0.08 | 0.55 | 0.27 | 70.41 | 12.14 9.74 6.23 0.14 | 0.12 | 0.72 | 0.30 0.00 | 0.00 | 0.19 0.09
8(bn.) | b 2 0.07 0.10 | 0.32 0.21 1.76 0.40 | 0.25 | 0.01 | 0.50 | 0.06 | 51.13 | 14.06 6.30 6.56 | 13.98 | 11.53 | 0.96 | 0.25 0.00 0.00 | 0.20 0.08
9 b 9 0.68 1.27 | 1.69 0.43 | 3.56 2.15 | 0.18 | 0.08 | 0.54 | 0.38 | 71.37 | 10.11 6.86 3.81 0.10 0.13 | 0.75 | 0.28 0.04 0.06 | 0.08 0.04
9(bn)|b 2 0.59 0.58 | 1.48 0.61 | 4.67 1.38 | 0.12 | 0.10 | 0.63 | 0.16 | 3548 | 16.84 1.81 0.34 | 13.93 7.69 | 0.72 | 0.13 0.00 0.00 | 0.07 0.01
10 b 5 0.01 0.03 | 0.77 0.17 | 2.07 0.81 | 0.62 | 0.06 | 0.53 | 0.21 76.52 | 10.70 6.71 3.76 0.13 0.10 | 0.76 | 0.17 0.01 0.02 | 0.11 0.05
11 b 9 0.00 0.00 | 1.90 0.37 | 4.95 1.71 | 042 | 0.11 | 0.72 | 045 | 62.29 595 | 13.08 221 0.11 0.21 | 0.39 | 0.06 0.01 0.01 | 0.26 0.20
(lbl'n') b 6 0.20 028 | 1.43 022 | 3.63 0.75 | 0.39 | 0.05 | 0.47 | 0.04 | 51.21 | 10.21 | 13.38 7.34 5.45 333|029 | 0.07 0.00 0.01 | 0.27 0.18

Table 1. pEDXREF single-spot analyses Average values. a: on background; b: on motives; n° pt: number of
single-spot analyses in different positions per fragment; s.d.: standard deviation; b.n.: blue nodule.

Yellow. Yellow was recorded in 8 fragments (1, 2, 4, 6, 8, 9, 10 and 11). Two types were found: Fe-yellow and
Pb-yellow.

The former occurred in the backgrounds of the main scenes and in various parts of figurative motifs: the
arrows in the quiver (fragment 1), the feathers and the head of the Little owl (fragment 4), and the object that
the human figure carries on its head (fragment 8). The Raman spectra obtained are characteristic of goethite*
(a-FeO(OH), even if a band characteristic of calcite (Fig. 4aSupplementary Table S1) was also obtained around
1085 cm™'. Calcite may have been detected for being a component of the pigment, or because the pigment
was applied directly on a wall with some content in calcite. The concentrations of Fe in the yellow parts of the
fragments under research ranged between 9.13 wt% in the Little owl (fragment 4) and 30.63 wt% of the yellow
background of the same fragment (Table 1).

The results obtained from pEDXRF analysis, including the maps of surface composition, identified specific
areas where a second type of yellow pigment with a significant amount of Pb (ca. 1 wt%) was used specifically in
the beak and the eyes of the Little owl (fragment 4) and in the body of the goat (fragment 11) (Fig. 6a'Table 1).
This colour effect is hardly noticeable both for the surface decay (Raman spectra of Pb-based compounds could
not be obtained) and for the small size of the figures. Still, the distribution maps of Pb clearly showed that, at
least as regards the Little owl, the intention was to reproduce the typical shade of yellow of the beak and the
sclerotic of the eye.

According to classical sources like Theophrastus, Vitruvius and Pliny the Elder**-*2, the yellow pigment may
have been obtained heating lead white or cerussa ((PbCOs3),-Pb(OH),) after submersion of lead in vinegar. The
resulting lead white then transformed into various types of lead oxides in shades of yellow, fawn and red accord-
ing to the time and temperature at which it was heated*-%*.

Red. Red was recorded in most samples (fragments 1, 2, 3, 4, 6, 8,9, 10 and 11). In general, a uniform shade of
red was used as background of the decoration panels, and a range of reds occurred in figurative details (samples
1, 8,9, 10 and 11) like the flesh, the cloth, and physical details of animals.

The Raman spectra obtained evidenced that the pigment was made with hematite® (a-Fe,05) (Fig. 4b) (Sup-
plementary Table S1). The uEDXREF results attested high or very high concentrations of Fe between 15.04 wt%
in fragment 1 and 45.89 wt% in fragment 10 (Table 1). This evidenced the robust and sturdy background layer
of red too.

Brown. Brown was recorded in the delineation of the head and the body of the Little owl (fragment 4) and
in the head of the Lar (fragment 9). The Raman spectra obtained there (Fig. 4c) suggest that the colour shade
resulted from hematite red darkened with amorphous carbon (G band,1550 to 1620 cm™, and D band 1301-
1340 cm™)* (Supplementary Table S1). The uEDXRF data confirmed that Fe prevails in these areas (Table 1),
so other possible sources for this shade were discarded. This combination of hematite and amorphous carbon
has been found not only in the decoration of Roman contexts*” but also, for example, in Etruscan tombs* and in
Egyptian tombs of the 2nd ct. a.D.*.

Amorphous carbon was not identified in any of the remaining areas and motifs where hematite was present
and detected using similar (and even higher) laser powers (Supplementary Table S13). Therefore, the thermal
degradation of the samples is an unlikely reason for the occurrence of carbon.

The interpretation of the vibrational band at 668 cm™ (Fig. 4c, Raman spectrum 4.1) alongside the typical
spectral bands of hematite is controversial in the literature. It has been put down to the occurrence of magnetite®
and, therefore, to a darkened red pigment®' =3, but it has also been attributed to a disorder-activated mode in
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Figure 4. MRS results obtained in fragments 1 to 11. (a) Raman spectra of yellow decoration in fragments
1,2,4,6,9,10 and 11 (Goethite). (b) Raman spectra of red decoration in fragments 1, 3,4, 6, 8,9, 10 and 11
(Hematite). (c) Raman spectra of brown decoration in fragments 4 and 9 (Hematite and amorphous carbon).
(d) Raman spectra of pink decoration in fragments 1, 9 and 10 (Cinnabar). Experimental conditions in
Supplementary Table S13.

the hematite crystalline structure®*®. The occurrence of this element in only one sample and the attestation of
amorphous carbon in the rest of the brown samples suggests that magnetite was not used as a darkening agent.

Pink. Various tones of pink are noticeable in the quiver (fragment 1), in the face and in the arms of the Lar
(fragment 9), and also on a smooth, shapeless surface of fragment 10.

MRS analysis of all these areas revealed the characteristic spectrum of cinnabar®® (HgS), known as minium
by the Romans (Fig. 4d, Supplementary Table S1). uEDXRF analysis confirmed the above based on the relative
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Figure 5. MRS results obtained in fragments 1 to 11. (a) Raman spectra of blue decoration in fragments 1, 2, 3,
5, 6, 7, an of blue nodules in green fragments 9 and 10 (Egyptian blue). (b) Raman spectra of green decoration
in fragments 1, 4 and 9 (Celadonite/glauconite). (c) Raman spectra of white decoration in fragments 1, 4 and 9
(Calcite). Experimental conditions in Supplementary Table S13.

high concentrations of Hg, ranging from 2.54 to 14.30 wt% according to the thickness of the layer (Table 1).
HEDXREF scanning of elemental composition contributed further details: Hg and Pb were detected in fragments
1 and 10 (Fig. 6b and 6¢), the former showing lower relative concentrations of Pb (1.74 wt %) than the latter
(3.93 wt%) (Table 1).

The most plausible explanation for this combination is the mix of specific proportions of cinnabar and a lead-
based pigment (as described above) in order to obtain a specific colour shade, as in the quiver (Fragment 1): while
Pb and Hg were recorded over virtually all the surface, only Pb was recorded in the left and the upper parts. This
supports the hypothesis of the use of two pigments of different shades, each made of different base elements.

Cinnabar was frequently mixed with hematite or with lead-base compounds in ancient times both to save on
the then highly exclusive cinnabar and to obtain specific shades. These combinations were described by Pliny the
Elder*> but are present as early as in the Neolithic®”®. Its use is, however, particularly remarkable in Roman times
in such relevant sites as Domus Aurea, Pompeii, and Herculaneum®*-2. Cinnabar was used in Céstulo both alone
and mixed with other minerals or pigments, as is natural considering both the high standing of the building and
the proximity to the mines of Almadén (in the neighbouring province of Ciudad Real).
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Figure 6. p{EDXRF mappings. (a) Lead (Pb) in fragment 4 (Little owl) and fragment 11 (goat). (b) Mercury
(Hg) and lead (Pb) in fragment 1 (quiver). (c) Mercury (Hg) and lead (Pb) in fragment 10. (d) Strontium (Sr)
and lead (Hg) in fragment 9 (Lar). Experimental conditions in Supplementary Table S15.
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Figure 7. (a) pPEDXRF mapping of copper (Cu) in fragment 1 (quiver). (b) Details of blue decoration on
fragment 1. (c¢) tEDXRF mapping of copper (Cu) in fragment 6. (d) Details of green decoration with blue
nodules on fragment 6. (e) tEDXRF mapping of copper (Cu) in fragment 8. (f) Details of white decoration with
blue nodules on fragment 8. Experimental conditions in Supplementary Table S15.

Also, Pb was not detected in the decoration of the Lar (fragment 9), and cinnabar was identified only in
the face and in the arm, probably intended to highlight the colour of the flesh (Fig. 6d). Again, Pliny the Elder
wrote in his work Natural History: “... I am quite at a loss for the origin of this usage; but it is a well-known fact,
that at the present day even, minimum is in great esteem with the nations of Athiopia, their nobles being in the
habit of staining the body all over with it, and this being the colour appropriated to the statues of their gods™*.

Blue. Egyptian blue (CaCuSi,O,,) was the main pigment for this colour. Egyptian blue, also known as cuprori-
vaite, is a synthetic compound: a calcium-copper tetrasilicate, obtained by heating a mixture composed of calcite,
siliceous sand, copper compounds, and natron or plant ash, to a temperature ranging between 850 and 950°C*°.

Egyptian blue was detected by MRS analysis in the pigments of the decorations of 6 fragments (1, 2, 3, 5, 6 and
7) (Fig. 5a, Supplementary Table S1). t(EDXRF analysis confirmed a differential occurrence of Si, Ca and Cu in
the blue-coloured areas (Table 1). The results of the quiver (fragment 1) are worth special note: blue was detected
by uEDXREF surface scanning, even if it is barely visible. The image obtained showed a differential concentration
of Cu, making decoration by straight and wavy lines more visible on the surface of the quiver (Fig. 7a,b).

Green. Eight samples with shades of green were analysed (fragments 1, 2, 3, 4, 6, 8, 9 and 10). A common
source for green in Roman times was the so-called green earth (Creta viridis or appianum in Vitruvius and
Pliny)*" 2, which covers two phyllosilicates of the mica family: celadonite K(MgFe**)(Fe**,Al)Si,O,o(OH), and
glauconite (K,Na)(Fe**,AlMg),(Si,Al),0,,(OH),. Difficult to identify, both have complex chemical structures
and their composition, crystalline structure, morphology, and origin may vary widely: pure celadonite occurs in
amygdules or fractures of metamorphic rocks, whereas glauconite occurs as small green lumps (green sand) in
shallow marine sedimentary rocks™ 6,

Raman spectroscopy has been used repeatedly to set criteria for the separation of both minerals in research
on the source of green colour in Roman paintings. Celadonite has been proved to display two bands at ~174 cm™
and ~202 cm™!, whereas glauconite displays only one band: between 188 and 200 cm™ (perhaps an unresolved
multiplet)?*%3-%5. Also, the medium-high intensity band around 265 cm™ has a higher wavenumber in celadonite
(272-279 cm™) than in glauconite (263 to 266 cm™). Another difference is that the band in the 380-400 cm™
region of celadonite (394-400 cm™) is displaced compared with the one of glauconite (384 to 389 cm™).
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Two criteria can be used as regards the elemental composition: Na is a relevant component only in glau-
conite, (impurities may cause traces or low amounts to occur in celadonite)®> and the proportion Si:Al:Mg is
different too: Si > Al > Mg signals the occurrence of glauconite, whereas Si > Mg > Al signals the occurrence of
celadonite®.

Despite intrinsic difficulties for their differentiation, the Raman spectra obtained in the green-coloured
areas of fragments 1 and 4 established the occurrence of celadonite (Fig. 5b, Supplementary Table S1). This was
confirmed further by pEDXRF’s attestation of low amounts of Na in the decorations (Table 1). By contrast, the
Raman bands and the relative content of Na (Table 1) of fragment 9 pointed at glauconite as the source of green
colour (Fig. 5brSupplementary Table S1).

Although the Raman spectra of the green areas of fragments 2, 6, 8 and 10 did not give significant results,
the low or non-existent concentrations of Na may be taken as evidence of the occurrence of celadonite (Table 1).

Alternatively, according to the proportion Si:Al:Mg alone, glauconite occurs in all the samples. This conclu-
sion, however, runs against the evidence of samples with low or not any Na contents, and is wrong for the samples
where Raman analysis enabled the detection of celadonite.

Regarding fragments 1, 4, 6, 8, 9 and 10, microscopic inspection of green areas revealed the occurrence of
deep blue nodules, specifically Egyptian blue, according to MRS analysis (Supplementary Table S1). This artificial
pigment was a common resource to obtain green earth of a special hue?*%. The occurrence of Egyptian blue in
these 6 fragments (maybe intended for a different shade from that of green earth), but not in the other 2 (frag-
ments 2 and 3) was clearly evidenced by surface scanning of Cu (Fig. 7c,d, Table 1).

Allin all, two types of green tones can be separated: one obtained exclusively from green earth (fragments 2
and 3), and one obtained from green earth mixed with Egyptian blue (fragments 1, 4, 6, 8, 9 and 10).

White. White was recorded in decorative bands on red or yellow background, in vegetable motifs and in some
other figurative motifs of fragments 1, 2, 3, 4, 6, 8, 9, 10 and 11. The Raman spectra obtained evidenced calcite
in all these fragments® (Fig. 5¢, Supplementary Table S1). This was supported by uEDXRF attestation of high
relative amounts of Ca in all the samples (Table 1).

Despite the seeming homogeneity of all the samples, fragments 2, 3, 4, 6, 8, 9 and 11 diverged as regards the
composition of white areas. Microscopic inspection and uEDXRF single-spot and surface analysis allowed visu-
alization and analysis of blue nodules high in Cu (Table 1). Egyptian blue mixed with calcite for a brighter shade
of white, as is especially noticeable in the figure of fragment 11 (Fig. 7e,f), thus became well-reasoned conclusion.

Joint use of spectroscopic methods (MRS, {EDXRF) for research on the compounds used for the pigments
of the decorations in the Roman wall paintings of Céstulo proved highly effective and may be relevant for other
research projects. The possibility to work on small fragments thanks to the abandonment conditions of the site
solved the awkwardness and difficulty of on-site colour analysis.

Notably, t(EDXREF surface analysis improves the quality and significance of the results expected using exclu-
sively MRS and pEDXRF single-spot techniques. This paper actually is, in a way, a protocol for research on
decorations where the first step can be pEDXREF surface analysis, at least in the areas where overlapping, thick,
mixed or degraded colours make research particularly difficult. Accurate identification of the raw materials
used and of their concentrations still needs MRS and pEDXRF single-spot analysis, except that at such a later
stage where the arrangement of colours has already been established and misguided interpretations have been
preempted. pPEDXREF surface analysis for Sr, Hg, Pb and Cu in the wall paintings of Castulo proved particularly
efficient for proper understanding of the procedure described. It has also allowed the detection of pigment
mixtures in the search for proper tonalities namely, Egyptian blue and Green earths, calcite and Egyptian blue
and cinnabar and lead.

The method described can be used not just for research on Roman heritage. Some of the minerals detected in
the pigments discussed here had already been found in the decoration of caves, walls, floors and ceramic before
Roman times®*¢”%, namely hematite, goethite, cinnabar, calcite, and Egyptian blue. Others that are not discussed
here can be added too, e.g. manganese oxides, Naples yellow, lapis lazuli, arsenic-based pigments (realgar, orpi-
ment), gypsum... used in both pre- and post-Roman times™.

Finally, it should be noted that these results highlight the unique archaeological, historic and artistic value
of the paintings of Castulo and underline their relevance in their chronological frame, in the Iberian Peninsula
and in the western Mediterranean basin.

Methods
Sample description. Eleven fragments of wall decorations of Room 6 were sampled for MRS and pEDXRF
analysis (Fig. 2, Supplementary Figs S2-S12, Supplementary Table S14). The samples can be classified as follows:

e Fragments with figurative decoration. The following human figures were recorded: a Lar or household goddess
(fragment 9), and an unidentified character carrying an object on its head (fragment 8). The following animal
figures were recorded: a Little owl (Athene noctua), which is allegorical of goddess Minerva (fragment 4) and
a goat, possibly the goat Amalthea who nursed infant Jupiter (fragment 11). Finally, fragment 1 depicted a
quiver, one of the symbols of Cupid. Cupid is not identified in room 6, but he is depicted in the so-called
‘Los Amores’ Mosaic of neighbouring room 1. In these samples, red and yellow cover large areas or panels
where the former overlaps the latter in part and both are delineated in white. The red panels background the
figurative decoration with white, yellow, red, pink, brown, green and blue.

e Fragments with non-figurative decoration of surfaces and bands (fragments 2, 3, 5, 6, 7 and 10). The first
group here consists of samples 5 and 7 (blue), with a single-coloured layer applied directly on to the wall. The
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remaining fragments (2, 3, 6 and 10) show overlying layers of paint, where yellow is partly covered by a layer
of red and white lines separate yellow from red. The remaining colours were applied on these backgrounds.

Additional samples were needed for complete reconstruction of the scenes, but the data collected this far
allowed to classify the paintings as of the third or fourth Pompeian style®® according to the palette used and the
mythological figures depicted.

Micro Raman spectroscopy (MRS). Three Raman spectrometers were used for the analysis of the sam-
ples: two laboratory equipments and one portable for samples bigger than the microscope measurement cham-
ber available in the laboratory equipments. All the equipment and the experimental parameters are described in
Tufi6n et al.%® and Sénchez et al.”

The laboratory devices used were:

® A Renishaw ‘in via’ Reflex Spectrometer coupled with a confocal Leica DM LM microscope (CICT, University
of Jaén), equipped with an argon ion laser (514.5 nm, 25 mW) and a diode laser (785 nm, 300 mW), and a
Peltier-cooled CCD detector, calibrated to the 520.5 cm™ line of silicon. The maximum laser output power
was eventually reduced using neutral density filters. The spectra were acquired using the 50 x objective, in
the 100 to 2000 cm™ region, with spectral resolution of ca. 2 cm™ (1,800 lines/mm grating) and ca. 1 cm™
(1,200 lines/mm grating). Acquisition time was 10 s per accumulation, and the maximum number of accu-
mulations was 10. A laser spot diameter of slightly more than 1 pm in diameter was achieved for both lasers
(Supplementary Table S13).

® A Renishaw ‘in via’ Qontor Spectrometer coupled with a confocal Leica DM LM microscope (SCAI, Uni-
versity of Malaga), equipped with a solid state laser (473 nm, 25 mW), a Nd:YAG laser (532 nm, 50 mW)
and a diode laser (785 nm, 300 mW), and a Peltier-cooled CCD detector, calibrated to the 520.5 cm™! line of
silicon. The maximum laser output power was eventually reduced using neutral density filters. The spectra
were acquired using the 50 x objective, in the 100 to 2000 cm™ region, with spectral resolution of ca. 1 cm™
(2,400 lines/mm grating) and ca. 1 cm™ (1,200 lines/mm grating). Acquisition time was set between 1 and
10 s per accumulation, and the maximum number of accumulations was 50. The laser spot diameter for each
laser was 0.77 um (473 nm), 0.86 pm (532 nm) and 1.27 pm (785 nm) (Supplementary Table S13).

The portable equipment used was a BWS445-785S innoRam™ Raman spectrometer (B&WTEK, Inc., New-
ark, USA) with a 785 nm excitation laser (maximum power of 300 mW) and a 4.5 cm™ spectral resolution. The
Raman microprobe can be mounted on a tripod with a motorized XYZ axis (MICROBEAM S.A, Barcelona,
Spain) or on a microscope sampling stage (B&WTEK, Inc., Newark, USA). The measurements were carried out
with a 50x objective. Experimental conditions were: exposure time ranged from 40 to 5,000 ms, maximum 100
acquisitions and a spectral range between 60 and 3,000 cm™' (Supplementary Table S$13).

Micro energy dispersive X-ray fluorescence (AEDXRF). This technique was applied according to the
method described in Sdnchez et al.”’. An energy dispersive X-ray microfluorescence spectrometer (M4 Tornado,
Bruker Nano) was used for this paper (CICT, University of Jaén). This spectrometer was equipped with a micro-
focus X-ray tube with and Rh anode, a polycapillary lens for X-ray focussing, and a 30-mm? energy dispersive
detector (SDD), calibrated to Ka, line of Zr standard (15.775 keV). The sample chamber (200 x 160 x 120 mm)
incorporated an XYZ motorized stage (330 mm x 170 mm) for sample positioning. A high resolution micro-
scope (10x, 100x) was used to position the sample at the desired distance from the polycapillary. To increase the
sensitivity of the low Z elements, the sample chamber can be brought under vacuum. For the analysis of the sam-
ples, a spot size of 25 um was chosen at an operating X-ray tube voltage of 50 kV (30 W) and a current of 600 pA.

The concentration values were obtained with Bruker’s ESPRIT software (version 1.5) which included stand-
ardless quantification option (MQuant) based on a Fundamental Parameter method allowing to quantify a large
variety of samples. Semiquantitative analysis was performed by calculation of a theoretical spectrum with the
Sherman equation with correction of matrix effects. This calculated spectrum was compared with the measured
one and then the quantification result was iteratively improved’’-”*. Reference samples (different from those
commonly used for the standard calibration and maintenance of the instrument) were not used in this work due
to the heterogeneity of the sample’s composition.

Two measurement methods were applied for uEDXRF analysis of wall paintings:

® Single-spot analysis. At least, three measurements of 120 s were carried out for each colour tonality. High
resolution microscopy coupled to the fEDXRF equipment allowed further delineation of the areas so as to
avoid sectors with discontinuous or fragmented decoration.

® Mapping analysis. Main mapping experimental parameters were adjusted for each mapping: step size (50 um)
and dwell time (2-5 ms/pixel). Map dimensions were changed according to the size of each analysed figure
(Supplementary Table S15).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

SCIENTIFIC REPORTS |

(2020) 10:12739 | https://doi.org/10.1038/s41598-020-69334-y



www.nature.com/scientificreports/

Received: 20 February 2020; Accepted: 1 July 2020
Published online: 29 July 2020

References

1. Miriello, D. et al. Non-destructive multi-analytical approach to study the pigments of wall painting fragments reused in mortars
from the archaeological site of Pompeii (Italy). Minerals 8(4), 134. https://doi.org/10.3390/min8040134 (2018).

2. Mateos, L. D. et al. Use of Raman microspectroscopy to characterize wall paintings in Cerro de las Cabezas and the Roman villa
of Priego de Cérdoba (Spain). Vib Spectrosc. 96, 143-149. https://doi.org/10.1016/j.vibspec.2018.04.004 (2018).

3. Jorge-Villar, S. E. et al. The Servilia tomb: An architecturally and pictorially important Roman building. Archaeol. Anthropol. Sci.
10(5), 1207-1223. https://doi.org/10.1007/s12520-016-0450-9 (2018).

4. Bonaduce, I. & Andreotti, A. Py-GC/MS of organic paint binders. In Organic Mass Spectrometry in Art and Archaeology 303-326
(Wiley, Chichester, 2009).

5. Gelzo, M. et al. Comparison of binder compositions in Pompeian wall painting styles from Insula Occidentalis. Chem Cent J. 8(1),
65. https://doi.org/10.1186/s13065-014-0065-0 (2014).

6. Cuni, ], Cuni, P, Eisen, B., Savizkyc, R. & Bové, ]. Characterization of the binding medium used in Roman encaustic paintings on
wall and wood. Anal Methods. 4, 659-669. https://doi.org/10.1039/C2AY05635F (2012).

7. Cuni, J. What do we know of Roman wall painting technique? Potential confounding factors in ancient paint media analysis. Herit
Sci. 4, 44. https://doi.org/10.1186/s40494-016-0111-4 (2016).

8. Maguregui, M., Knuutinen, U,, Castro, K. & Madariaga, ]. M. Raman spectroscopy as a tool to diagnose the impact and conserva-
tion state of Pompeian second and fourth style wall paintings exposed to diverse environments (House of Marcus Lucretius). J.
Raman Spectrosc. 41, 1400-1409 (2010).

9. Maguregui, M., Knuutinen, U., Martinez-Arkarazo, I., Castro, K. & Madariaga, ]. M. Thermodynamic and spectroscopic speciation
to explain the blackening process of hematite formed by atmospheric SO, impact: The case of Marcus Lucretius House (Pompeii).
Anal. Chem. 83,3319-3326 (2011).

10. Madariaga, J. M. et al. In situ analysis with portable Raman and ED-XRF spectrometers for the diagnosis of the formation of
efflorescence on wallsand wall paintings of the Insula IX 3 (Pompeii, Italy). J. Raman Spectrosc. 45, 1059-1067 (2014).

11. Prieto-Taboada, N. et al. Study of the soluble salts formation in a recently restored house of Pompeii by in-situ Raman spectroscopy.
Sci. Rep. 8, 1613. https://doi.org/10.1038/s41598-018-19485-w (2018).

12. Alberti, R. et al. CRONO: A fast and reconfigurable macro X-ray fuorescence scanner for in situ investigations of polychrome
surfaces. X ray Spectrom. 46(5), 297-302. https://doi.org/10.1002/xrs.2741 (2017).

13. Debastiani, R. et al. Synchrotron-based scanning macro-X-ray fluorescence applied to fragments of Roman mural paintings.
Microchem. ]. 126, 438-445. https://doi.org/10.1016/j.microc.2015.12.014 (2016).

14. Cortea, I. M., Ghervase, L., Tentea, O., Parau, A. C. & Radvan, R. First analytical study on second-century wall paintings
from Ulpia Traiana Sarmizegetusa: Insights on the materials and painting technique. Int. J. Archit. Herit. 14, 1-11. https://doi.
0rg/10.1080/15583058.2019.1568614 (2019).

15. Alberti, R. et al. Handheld XRF and Raman equipment for the in situ investigation of Roman finds in the Villa dei Quintili (Rome,
Italy). J. Anal. At. Spectrom. 32(1), 117-129. https://doi.org/10.1039/C6JA00249H (2017).

16. Brun, E. et al. Revealing metallic ink in Herculaneum papyri. Proc. Natl. Acad. Sci. 113(14), 3751-3754. https://doi.org/10.1073/
pnas.1519958113 (2016).

17. Delaney, J. K., Dooley, K. A., Radpour, R. & Kakoulli, I. Macroscale multimodal imaging reveals ancient painting production
technology and the vogue in Greco-Roman Egypt. Sci. Rep. 7, 1-12. https://doi.org/10.1038/s41598-017-15743-5 (2017).

18. Seccaroni, C., Aresi, N., Frizzi, T., Anselmi, C. & Sgamellotti, A. Raphael’s workshop at Villa Farnesina in Rome: The frescoed vault
of Cupid and Psyche investigated by macro X-ray fuorescence scanning. Rend. Lincei Sci. Fis. 29, 499-510. https://doi.org/10.1007/
$12210-018-0727-2 (2018).

19. Thurrowgood, D. et al. A hidden portrait by Edgar Degas. Sci. Rep. 6, 1-10. https://doi.org/10.1038/srep29594 (2016).

20. Choclén, C. Céstulo: radiografia de un territorio. In Actas I Congreso de Historia de Linares 29-47 (Centro de Estudios Linarenses,
2012).

21. Castro, M. (coord.) Proyecto general de conocimiento siglo XXI en Castulo. Conjunto Arqueoldgico de Céstulo (Linares, Jaén).
Unpublished report (2015).

22. Jiménez, J. A. & Sales, J. Termas e iglesias durante la Antigiiedad Tardia: ;reutilizacion arquitectdnica o conflicto religioso? Algunos
ejemplos hispanos. Antigiiedad y cristianismo: Monografias historicas sobre la Antigiiedad Tardia 21, 185-202 (2004).

23. Jiménez, Y. E. El posible edificio de culto imperial, Una reflexién forzosamente pentltima. 7 esquinas 6, 89-103 (2014).

24. Castro, M. (coord) Castulo en movimiento: Avances de proyecto Forvm MMX (2011-2012). 7 Esquinas. 6. (2014).

25. Loépez, G. E. Mosaico de Los Amores de Castulo. 7 Esquinas. 6, 117-125 (2014).

26. Rousaki, A. et al. A comparative mobile Raman study for the on field analysis of the Mosaico de los Amores of the Céstulo Archaeo-
logical Site (Linares, Spain). J. Raman Spectrosc. https://doi.org/10.1002/jrs.5624 (2019).

27. Calabria, I. & Zalbidea, M. A. Estudio de las pinturas murales de la sala del Mosaico de los Amores de la ciudad ibero-romana de
Castulo. Ge-conservacion 16, 45-61 (2019).

28. Loépez Martinez, T., Lopez Cruz, O., Garcia Bueno, A., Calero-Castillo, A. I. & Medina Florez, V. Las pinturas murales de Castvlo.
Primeras aportaciones a la caracterizacion de materiales y técnicas de ejecucion. Lvcentvm. 35, 155-170. https://doi.org/10.14198
JLVCENTVM2016.35.08 (2016).

29. Aliatis, I. et al. Green pigments of the Pompeian artists’ palette. Spectrochim. Acta A. 73, 532-538. https://doi.org/10.1016/].
5aa.2008.11.009 (2009).

30. Aliatis, et al. Pigments used in Roman wall paintings in the Vesuvian area. J. Raman Spectrosc. 41(11), 1537-1542. https://doi.
0rg/10.1002/jrs.2701 (2010).

31. Garodfano, I, Pérez-Rodriguez, J., Robador, M*. & Duran, A. An innovative combination of non-invasive UV-visible-FORS, XRD
and XRF techniques to study Roman wall paintings from Seville, Spain. J. Cult. Herit. 22, 1028-1039. https://doi.org/10.1016/j.
culher.2016.07.002 (2016).

32. Paternoster, G. et al. Study on the technique of the Roman age mural paintings by micro-XRF with polycapillary conic collimator
and micro-Raman analyses. J. Cult. Herit. 6(1), 21-28. https://doi.org/10.1016/j.culher.2004.10.003 (2005).

33. Roldan, C., Arasa, F. & Juanes, D. Andlisis de la pintura mural de una domus excavada en la ciudad romana de Lesera (la Moleta
dels Frares, Forcall-Castellon). In Actas del VIII Congreso Ibérico de Arqueometria (eds. Saiz, M. E.; Lopez Romero, R.; Cano, M.
A.; Calvo, J. C.) 103-112 (Teruel, 2010).

34. Kaabar, W, Bott, S. & Devonshire, R. Raman spectroscopic study of mixed carbonate materials. Spectrochim. Acta A. 78, 136-141.
https://doi.org/10.1016/j.saa.2010.09.011 (2011).

35. Olsson, M. B. et al. Micro-PIXE analysis of an ancient Egyptian papyrus: Identification of pigments used for the “Book of the
Dead”. Nucl Instrum Methods B. 181(1), 707-714. https://doi.org/10.1016/S0168-583X(01)00545-6 (2001).

36. Franceschi, E. & Locardi, F. Strontium, a new marker of the origin of gypsum in cultural heritage? J. Cult. Herit. 15, 522-527. https

://doi.org/10.1016/j.culher.2013.10.010 (2014).

SCIENTIFIC REPORTS |

(2020) 10:12739 | https://doi.org/10.1038/s41598-020-69334-y


https://doi.org/10.3390/min8040134
https://doi.org/10.1016/j.vibspec.2018.04.004
https://doi.org/10.1007/s12520-016-0450-9
https://doi.org/10.1186/s13065-014-0065-0
https://doi.org/10.1039/C2AY05635F
https://doi.org/10.1186/s40494-016-0111-4
https://doi.org/10.1038/s41598-018-19485-w
https://doi.org/10.1002/xrs.2741
https://doi.org/10.1016/j.microc.2015.12.014
https://doi.org/10.1080/15583058.2019.1568614
https://doi.org/10.1080/15583058.2019.1568614
https://doi.org/10.1039/C6JA00249H
https://doi.org/10.1073/pnas.1519958113
https://doi.org/10.1073/pnas.1519958113
https://doi.org/10.1038/s41598-017-15743-5
https://doi.org/10.1007/s12210-018-0727-2
https://doi.org/10.1007/s12210-018-0727-2
https://doi.org/10.1038/srep29594
https://doi.org/10.1002/jrs.5624
https://doi.org/10.14198/LVCENTVM2016.35.08
https://doi.org/10.14198/LVCENTVM2016.35.08
https://doi.org/10.1016/j.saa.2008.11.009
https://doi.org/10.1016/j.saa.2008.11.009
https://doi.org/10.1002/jrs.2701
https://doi.org/10.1002/jrs.2701
https://doi.org/10.1016/j.culher.2016.07.002
https://doi.org/10.1016/j.culher.2016.07.002
https://doi.org/10.1016/j.culher.2004.10.003
https://doi.org/10.1016/j.saa.2010.09.011
https://doi.org/10.1016/S0168-583X(01)00545-6
https://doi.org/10.1016/j.culher.2013.10.010
https://doi.org/10.1016/j.culher.2013.10.010

www.nature.com/scientificreports/

38.

39.

40.

41.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

. Alcén, N., Consuelo, C., Rodriguez, M? T. & Tolosa, A. Caracterizacion colorimétrica de recubrimientos en polvo fotoluminiscentes.
In IX Congreso Nacional del Color. (ed. Universidad de Alicante) 69-72 (Alicante 2010).

Borisov, S., Wurth, C., Resch-Genger, U. & Klimant, I. New life of ancient pigments: Application in high-performance optical
sensing materials. Anal. Chem. 85(19), 9371-9377. https://doi.org/10.1021/ac402275g (2013).

De Faria, D. L. A. & Lopes, E. N. Heated goethite and natural hematite: Can Raman spectroscopy be used to differentiate them? Vib.
Spectrosc. 45, 117-121. https://doi.org/10.1016/j.vibspec.2007.07.003 (2007).

Caley, E. R., & Richards, J. E C. (eds.) Theophrastus on Stones: Introduction, Greek Text, English Translation, and Commentary (Ohio
State University, Columbus, Ohio 1956).

Vitruvio, M. Los diez libros de Arquitectura (J. Ortiz y Sanz, Trad.) (Imprenta Real Madrid, Madrid, 1787).

. Pliny. Natural History (in Six Volumes translated by John Bostock and H. T. Riley) (George Bell & Sons, London, 1893).

San Andrés, M., De la Roja, J. M., Dornheim, S. D. & Baonza, V. G. Litharge and massicot: Thermal decomposition synthetic
route for basic lead (II) carbonate and Raman spectroscopy analysis. In Lasers in the Conservation of Artworks: Proceedings of the
International Conference Lacona VII, Madrid, Spain, 17-21 September 2007 89-94 (Taylor & Francis Group, London, 2008).

De la Roja, J. M, Sancho, N., San Andrés, M. & Baonza, V. G. Obtencion de litargirio a partir de la tostacién de blanco de plomo.
Caracterizacion cromadtica de los productos obtenidos. Optpum apl. 41(3), 245-249 (2008).

Ball, P. La invencién del color (Turner, Madrid, 2003).

Coccato, A., Jehlicka, J., Moens, L. & Vandenabeele, P. Raman spectroscopy for the investigation of carbon-based black pigments.
J Raman Spectrosc. 46, 1003-1015. https://doi.org/10.1002/jrs.4715 (2015).

Villar, S. E. J. & Edwards, H. G. M. An extensive colour palette in Roman villas in Burgos, Northern Spain: A Raman spectroscopic
analysis. Anal Bioanal Chem. 382, 283-289. https://doi.org/10.1007/s00216-004-2876-7 (2005).

Pallecchi, P, Giachi, G., Colombini, M. P., Modugno, E & Ribechini, E. The painting of the Etruscan “Tomba della Quadriga
Infernale” (4th century BC), in Sarteano (Siena, Italy): Technical features. J. Archaeol. Sci. 36, 2635-2642. https://doi.org/10.1016/j.
725.2009.07.019 (2009).

El-Tawab Bader, N. A. A. & Ahmed, A. E. Identification and conservation state of painted wall plasters at the funerary house in
necropolis of Tuna El-Gebel El-Minia Upper Egypt. Open J. Geol. 7, 923-944. https://doi.org/10.4236/0jg.2017.77063 (2017).
De Faria, D. L. A., Venancio Silva, S. & de Oliveira, M. T. Raman microspectroscopy of some iron oxides and oxyhydroxides. J.
Raman Spectrosc. 28, 873-878. https://doi.org/10.1002/(SICI)1097-4555(199711)28:11%3¢873:: AID-JRS177%3e3.0.CO;2-B (1997).
Coupry, C., Lautie, A., Sagon, G. & Froment, E. Case Study: Fifteen years of artefact investigations by raman spectroscopy at the
CNRS Laboratoire de Dynamique, interactions et reactivite in Raman Spectroscopy in Archaeology and Art History 207-216 (Royal
Society of Chemistry, Cambridge, 2005).

Rousaki, A. et al. Micro-Raman analysis of pigments from hunter-gatherer archaeological sites of North Patagonia (Argentina).
J. Raman Spectrosc. 46, 1016-1024. https://doi.org/10.1002/jrs.4723 (2015).

Rosina, P. et al. Benquerencia (La Serena-Spain) rock art: An integrated spectroscopy analysis with FTIR and Raman. Heliyon 5,
1-9. https://doi.org/10.1016/j.heliyon.2019.e02561 (2019).

Bersani, D., Lottici, P. P. & Montenero, A. Micro-Raman investigation of iron oxide films and powders produced by sol-gel synthe-
ses. J. Raman Spectrosc. 30, 355-360. https://doi.org/10.1002/(SICI)1097-4555(199905)30:5%3c355::AID-JRS398%3€3.0.CO;2-C
(1999).

Hunt, A. et al. The characterisation of pigments used in X-ray rock art at Dalakngalarr 1, central-western Arnhem Land. Microchem.
J. 126, 524-529. https://doi.org/10.1016/j.microc.2016.01.016 (2016).

Linn, R. Layered pigments and painting technology of the Roman wall paintings of Caesarea Maritima. J. Archaeol. Sci. Rep. 11,
774-781. https://doi.org/10.1016/j.jasrep.2016.12.018 (2017).

Gajic-Kvascev, M. et al. New evidence for the use of cinnabar as a colouring pigment in the Vinca culture. J. Archaeol. Sci. 39,
1025-1033. https://doi.org/10.1016/j.jas.2011.11.023 (2012).

Domingo, I., Garcia-Borja, P. & Roldan, C. Identification, processing and use of red pigments (hematite and cinnabar) in the
Valencian Early Neolithic (Spain). Archaecometry 54, 868-892. https://doi.org/10.1111/j.1475-4754.2011.00650.x (2012).

Siddall, R. Mineral pigments in archaeology: Their analysis and the range of available materials. Minerals https://doi.org/10.3390/
min8050201 (2018).

Piovesan, R., Siddall, R., Mazzoli, C. & Nodari, L. The Temple of Venus (Pompeii): A study of the pigments and painting techniques.
J. Archaeol. Sci. 38, 2633-2643. https://doi.org/10.1016/j.jas.2011.05.021 (2011).

Clementi, C. et al. Non-invasive and micro-destructive investigation of the Domus Aurea wall painting decorations. Anal. Bioanal.
Chem. 401, 1815-1826. https://doi.org/10.1007/s00216-011-5250-6 (2011).

Kiernan G., Piqué, F. & Rainer, L. (2017) Scientific Report on the Wall Paintings in the Tablinum of the House of the Bicentenary.
In Conservation of the Architectural Surfaces in the Tablinum of the House of the Bicentenary, Herculaneum Phase I: Examina-
tion, Investigations, and Condition Assessment. 167-240 (The Getty Conservation Institute, Los Angeles, 2017) https://hdl.handl
e.net/10020/gci_pubs/herc_phasel_report.

Pérez-Rodriguez, ]. L., Jiménez de Haro, M. C,, Siglienza, B. & Martinez-Blanes, J. M. Green pigments of Roman mural paintings
from Seville Alcazar. Appl. Clay Sci. 116, 211-219. https://doi.org/10.1016/j.clay.2015.03.016 (2015).

Ospitali, F, Bersani, D., Di Lonardo, G. & Lottici, P. P. ‘Green earths’: Vibrational and elemental characterization of glauconites,
celadonites and historical pigments. J. Raman Spectrosc. 39, 1066-1073. https://doi.org/10.1002/jrs.1983 (2008).

Moretto, L. M., Orsega, E. F. & Mazzocchin, G. A Spectroscopic methods for the analysis of celadonite and glauconite in Roman
green wall paintings. J. Cult. Herit. 12, 384-391. https://doi.org/10.1016/j.culher.2011.04.003 (2011).

Germinario, C. et al. Multi-analytical and non-invasive characterization of the polychromy of wall paintings at the Domus of
Octavius Quartio in Pompeii. Eur. Phys. J. Plus. 133(9), 359. https://doi.org/10.1140/epjp/i2018-12224-6 (2018).

Iriarte, M., Hernanz, A., Gavira-Vallejo, ]. M., Alcolea-Gonzélez, J. & de Balbin-Behrmann, R. u-Raman spectroscopy of prehistoric
paintings from the El Reno cave (Valdesotos, Guadalajara, Spain). J. Archaeol. Sci. Rep. 14, 454-460. https://doi.org/10.1016/j.jasre
p-2017.06.008 (2017).

Tunén, J. A., Sanchez, A., Parras, D. J., Vandenabeele, P. & Montejo, M. Micro-Raman spectroscopy on Iberian archaeological
materials. J. Raman Spectrosc. 47(12), 1514-1521. https://doi.org/10.1002/jrs.4934 (2016).

Moormann, E. M. Roman wall painting. In Encyclopedia of Global Archaeology (ed. Smith, C) 1-22 (Switzerland, 2018). https://
doi.org/10.1007/978-3-319-51726-1_3405-1.

Sanchez, A. et al. MRS, EDXRF and GC-MS analysis for research on the ritual and funerary areas of Cerro de los Vientos
(Baeza, Jaén, Spain). Native and Eastern Mediterranean influences. J. Archaeol. Sci. Rep. 28, 102026. https://doi.org/10.1016/j.jasre
p-2019.102026 (2019).

Rousseau, R. M. Some considerations on how to solve the Sherman equation in practice. Spectrochim. Acta B. 59, 1491-1502. https
://doi.org/10.1016/j.sab.2004.06.002 (2004).

Bruker Nano GmbH. M4 Tornado. High performance Micro-XRF spectrometer. User manual (Bruker Nano GmbH, Berlin, 2013).
Flude, S., Haschke, M. & Storey, M. Application of benchtop micro-XRF to geological materials. Mineral. Mag. 81(4), 923-948.
https://doi.org/10.1180/minmag.2016.080.150 (2017).

SCIENTIFIC REPORTS |

(2020) 10:12739 | https://doi.org/10.1038/s41598-020-69334-y


https://doi.org/10.1021/ac402275g
https://doi.org/10.1016/j.vibspec.2007.07.003
https://doi.org/10.1002/jrs.4715
https://doi.org/10.1007/s00216-004-2876-7
https://doi.org/10.1016/j.jas.2009.07.019
https://doi.org/10.1016/j.jas.2009.07.019
https://doi.org/10.4236/ojg.2017.77063
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11%3c873::AID-JRS177%3e3.0.CO;2-B
https://doi.org/10.1002/jrs.4723
https://doi.org/10.1016/j.heliyon.2019.e02561
https://doi.org/10.1002/(SICI)1097-4555(199905)30:5%3c355::AID-JRS398%3e3.0.CO;2-C
https://doi.org/10.1016/j.microc.2016.01.016
https://doi.org/10.1016/j.jasrep.2016.12.018
https://doi.org/10.1016/j.jas.2011.11.023
https://doi.org/10.1111/j.1475-4754.2011.00650.x
https://doi.org/10.3390/min8050201
https://doi.org/10.3390/min8050201
https://doi.org/10.1016/j.jas.2011.05.021
https://doi.org/10.1007/s00216-011-5250-6
http://hdl.handle.net/10020/gci_pubs/herc_phase1_report
http://hdl.handle.net/10020/gci_pubs/herc_phase1_report
https://doi.org/10.1016/j.clay.2015.03.016
https://doi.org/10.1002/jrs.1983
https://doi.org/10.1016/j.culher.2011.04.003
https://doi.org/10.1140/epjp/i2018-12224-6
https://doi.org/10.1016/j.jasrep.2017.06.008
https://doi.org/10.1016/j.jasrep.2017.06.008
https://doi.org/10.1002/jrs.4934
https://doi.org/10.1007/978-3-319-51726-1_3405-1
https://doi.org/10.1007/978-3-319-51726-1_3405-1
https://doi.org/10.1016/j.jasrep.2019.102026
https://doi.org/10.1016/j.jasrep.2019.102026
https://doi.org/10.1016/j.sab.2004.06.002
https://doi.org/10.1016/j.sab.2004.06.002
https://doi.org/10.1180/minmag.2016.080.150

www.nature.com/scientificreports/

Acknowledgements

We would like to thank the support given by the University Research Institute for Iberian Archaeology, the
Department of Physical and Analytical Chemistry, the CICT of University of Jaén, the SCAI of University of
Milaga, FEDER Funds and the Projects Cdstulo Investigacion Arqueométrica y trasferencia social (HAR2016-
74917-R) and Arqueologia de lo Invisible (HAR2015-73959-JIN). The manuscript was translated into English
by Salvador Valera.

Author contributions

J.T., A.S., M.M.: conceived the research, wrote the main manuscript texts and analysed the results. B.C., P.A:
selected samples, prepared figures, tables and analysed the results. J.T, D.J.P.: conducted uEDXRF and analysed
the results. M.M. and P.A.: conducted MRS and analysed the results. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-69334-y.

Correspondence and requests for materials should be addressed to A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12739 | https://doi.org/10.1038/s41598-020-69334-y


https://doi.org/10.1038/s41598-020-69334-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The colours of Rome in the walls of Cástulo (Linares, Spain)
	Anchor 2
	Anchor 3
	Results
	The colours of the palette. 
	Yellow. 
	Red. 
	Brown. 
	Pink. 
	Blue. 
	Green. 
	White. 


	Methods
	Sample description. 
	Micro Raman spectroscopy (MRS). 
	Micro energy dispersive X-ray fluorescence (µEDXRF). 

	References
	Acknowledgements


