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Abstract  

The objective of this paper is to characterise the composition and manufacturing 

techniques of the white paste fillings in the Bronze Age pottery decorations on the 

eastern Iberian Peninsula, using as a case study the Argaric archaeological site of 

Peñalosa (Baños de la Encina, Jaén). The determination of the characteristics and 

manufacture of these pastes required the application of analytical techniques such as 

micro-Raman spectroscopy (MRS), micro X-ray fluorescence (µEDXRF) and Fourier 

transform infrared spectroscopy (FTIR-ATR), as well as reference materials. This 

methodology made it possible to distinguish two types of production in this enclave: 

one with bone and the other with kaolinite. The coexistence of different manufacturing 

techniques had already been corroborated in other Bronze Age contexts in Europe and 

the southwest of the Iberian Peninsula. We were also able to determine that, in the case 

of paste made with bone, the temperatures would have reached 800ºC, making it 

possible to link the use of calcined deer antlers with the manufacture of these 

decorations. 

 

Keywords: White paste inlay, deer antler, spectroscopic analysis, Bronze Age, Iberian 

Peninsula 

 

 

1. Introduction 

 

The study of the white paste decoration on prehistoric pottery is an area of research that 

has generated considerable interest. This is because both its composition and its 

production technology have proven to be synonymous with the cultural identity of 

certain peoples or regions throughout prehistory, as well as with technological changes 

fostered by the arrival of new peoples, ideas or materials (Odriozola 2018). The most 

highly developed archaeometric studies of decorative white-paste fillings in Europe are 

those carried out in Hungary, where its use from the Neolithic to the Bronze Age has 

been documented using analytical techniques such as XRD, SEM, FTIR, LA-ICP-MS 

and µPIXE (Gherdán et al. 2003; Sziki et al. 2003; Roberts et al. 2008; Parkinson et al. 

2010; Sofaer and Roberts 2016). Also noteworthy are other studies of white pastes that 

cover the same periods in the Piedmont region (northern Italy) where IR-spectroscopy 
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and XRD have been used (Giustetto et al. 2013) and in Scotland using SEM-EDX, 

µXRF, XRD and FTIR (Jones et al. 2015). In Moravia (Czech Republic) research has 

focused on the Late Bronze and Copper Ages using XRD (Všianský et al. 2014) and in 

Bulgaria on the Early and Late Chalcolithic using FTIR, LIBS and XRD (Pirovska et al. 

2020). More closely focused on the Neolithic, of particular note is the work carried out 

in Serbia, where FTIR and XRF were applied (Perišić et al. 2016), in Croatia using 

SEM-EDS and XRD (Kos et al. 2015), and in Poland where thin section petrography 

was used (Zastawny et al. 2012). 

 

Compared to the aforementioned cases, on the Iberian Peninsula there have been very 

few archaeometric studies that have looked in depth at the techniques and type of 

materials used to manufacture these white pastes and they have been very limited in 

scope, especially with regard to the Bronze Age. The main research has focused on the 

west of the Iberian Peninsula (southern Portugal, Galicia, Extremadura, Castile and 

León and the western part of Andalusia) and has been carried out on the white paste 

fillings of Chalcolithic bell beaker pottery (Odriozola y Hurtado 2007; Odriozola y 

Martínez 2007; Odriozola et al. 2012; Odriozola 2018; Lantes-Suárez et al. 2010). With 

regard to Bronze Age white-filled pottery, specifically those designated Proto-Cogotas 

and Cogotas I on which this paper focuses, archaeological studies are even more scarce. 

Only some sherds from the northern Meseta and Extremadura have been analysed using 

FTIR-ATR and XRD (Odriozola et al., 2012; Martín-Gil and Martín-Gil 2009), 

although these white paste fillings are attested in other areas of the Iberian Peninsula, 

such as the southeast. 

 

Within the framework of the Argaric culture –the most representative of the Iberian 

Peninsula Bronze Age cultures, located in the southeast– a small amount of pottery with 

decorations filled with white paste has been found. One of the archaeological sites that 

offers this type of well-contextualised and well-dated decoration is Peñalosa. This 

settlement, whose occupation is attributed to the Argaric Full Bronze Age (1850-1450 

BC) (Contreras et al. 2014), in the Alto Guadalquivir region in the municipality of 

Baños de la Encina (Jaén, Spain) (Figure 1). Five proto-Cogotas sherds with part of 

their white paste fillings preserved have been recovered at this site. The archaeometric 

analysis of these pastes and their manufacturing technology is a pioneering study in the 

field of the Argaric culture in particular and of the Iberian Peninsula Bronze Age in 

general. 
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Figure 1. a) Location of the Peñalosa archaeological site (Baños de la Encina, Jaén, Spain). b) Aerial view 

of the site. c) Contextualisation of the pottery fragments and antlers analysed in the general plan of the 

Peñalosa settlement (reworked from García-García, 2018). 

 

Nevertheless, the presence of this type of decoration in Argaric contexts has been the 

subject of debate, as it is more frequent in the Meseta area (Abarquero 2005). The case 

of Peñalosa is even more controversial due to the very early chronologies of the pottery 

analysed, which place them around 1700 BC (Contreras, 2000; Contreras and Alarcón, 

2012). Therefore, the identification of possible areas of influence based on the 

technology used to manufacture these pastes is essential for us to understand their 

presence in this area. In this respect, Peñalosa plays a very important role, since its 

strategic location associated with metal extraction and manufacture (Contreras et al. 

2014) places it on the border between the southeast of the Iberian Peninsula and the 

Meseta (central plateau). Therefore, the study of its artifacts can serve as a starting point 

for defining possible interregional contacts. 

 

Given all these factors, this paper has the following objectives: 

 To determine the physical-chemical composition of the white paste incrustations of 

the Peñalosa pottery in order to ascertain the type of material used in their 

manufacture in the Alto Guadalquivir area.  

 To obtain information on the technical process used to make these pastes, as well as 

the degree of specialisation in their manufacture based on the selection of certain 

raw materials and the complexity of their production. The starting hypothesis is the 

use of deer antlers. 

 To obtain a broader perspective on the possible connections between the territories 

and peoples of the Iberian Peninsula, as well as the evolution of technological 

traditions from previous periods.  
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To achieve these objectives, a multi-analytical method was applied using Raman micro-

spectroscopy (MRS), energy dispersive X-ray micro-fluorescence (µEDFRX) and 

Fourier transform infrared spectrometry (FTIR-ATR). The first two are non-destructive 

techniques and, in the case of FTIR-ATR, the amount required is very small, which 

allows the information to be obtained without the need to destroy the entire decoration. 

Through the coordinated application of the three techniques, it is possible to determine 

aspects related to the mineral and elemental composition of the samples, as well as to 

obtain information, thanks to the use of FTIR-ATR, about the temperatures to which 

they may have been subjected (Odriozola and Hurtado 2007; Jones et al. 2019). The use 

of µEDXRF elemental analysis to generate surface maps should be highlighted as they 

clearly clarify the presence and distribution of characteristic chemical elements. 

 

The application of these techniques to the study of white paste has been shown to offer 

precise and interesting results, although they have never been used together for the type 

of decoration being looked at here. There are, however, references for other types of 

decoration and pigments in which their efficacy has been demonstrated (Akyuz 2012; 

Tuñón et al. 2016; Tuñón et al. 2020). 

 

2. Sampling 

 

For this study, five pottery sherds (Table 1) and two horn fragments used as reference 

samples were analysed. Two of the sherds (BE-219-1 and BE-144) are held in the 

Museum of Jaén and authorisation was not granted to extract a minimum amount of 

white paste. The small sample selected is due to the uniqueness of this type of 

decoration both in Peñalosa and, in general, in the southeast of the Iberian Peninsula 

during the Bronze Age. 

 

The pottery was very fragmented, hindering determination of the original typology. All 

the sherds were decorated on their surfaces with motifs filled with white paste, which, 

although not fully preserved, were sufficiently clear to be identified and analysed. The 

decorative techniques used consisted of exterior impressions (BE-28570, BE-28497-2, 

BE-144 and BE-219-1), interior and exterior impressions (BE-28508) and exterior 

incisions (BE -219-1). The decorative motifs were herringbone, circle and zigzag shapes 

with alternating horizontal and oblique lines (Figure 2). These techniques and 

decorative motifs were classified within the proto-Cogotas pottery type, which 

developed during the Full Bronze Age on the Iberian Peninsula (Arteaga and Schubart 

1982; Schubart and Ulreich 1991; Abarquero 2005). 
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Figure 2. Analysed pottery decorated with white paste inlays (a) BE-28570; (b) BE-219-1 (c) BE-144; (d) 

BE-28497-2; (e) BE-28508.  

 

 

The sherds came from different dwelling units, as well as from different chronocultural 

phases of Peñalosa. Three were associated with domestic contexts (BE-28497-2, BE-

28570, BE-28508) and the other two (BE-219-1 and BE-144) were found in surface 

levels next to Tomb 12, an isolated and highly eroded structure on the western slope of 

the settlement (Figure 1) (Contreras et al. 2000). 

 

Chronologically, three of them (BE-219-1, BE-144; BE-28570) belong to Phase IIIA 

(1950/1900-1750/1700 Cal BC), corresponding to the full period and the peak of the 

site’s occupation, while the other two (BE-28508 and BE-28497-2) are associated with 

Phase III0 (1600-1450 Cal BC), the latest phase documented to date at the Peñalosa 

archaeological site. 

 
Sample Type Context Chronology Technique Decoration Analysis 

BE-28570 NI Domestic Phase IIIA Impressed Herringbone 
MRS, µEDXRF, 

FTIR-ATR 

BE-219-1 
Carinated 

vessel 

Surface, near 

Tomb 12 
Phase IIIA Incised Circle MRS, µEDXRF 

BE-144 
Carinated 

platter 

Surface, near 

Tomb 12 
Phase IIIA Impressed Zigzag MRS, µEDXRF 



6 
 

BE-28497-2 NI Domestic Phase III0 Impressed Zigzag 
MRS, µEDXRF, 

FTIR-ATR 

BE-28508 NI Domestic Phase III0 Impressed 
Bands of horizontal lines 

and herringbone 

MRS, µEDXRF, 

FTIR-ATR 

Table. 1. Pottery analysed. NI (not identified). 

 

Two deer (Cervus elaphus) antler  fragments, one without thermal alteration (BE-

25308) and the other with calcination traces (BE-25405-5), were also analysed (Figure 

3). Both were used as reference samples in the composition study of the white paste that 

may have been manufactured with this raw material. It should also be added that the 

calcination of the antlers results in an intense white colouration very similar to that of 

the white paste fillings; thus the study of the firing temperature of these bone remains 

using FTIR-ATR will allow links to be established with the manufacture of the white 

paste of the pottery vessels. 

 

The selection of deer antlers rather than other faunal finds from the settlement is also 

supported by several aspects that attest to the importance of this bone element. Firstly, 

they are the only fauna remains with signs of calcination recorded in Peñalosa. 

Secondly, antlers appear to have been the preferred bone raw material, judging by their 

concentration in very specific areas of the settlement (Houses X and VI), unlike the rest 

of the recorded fauna, which is scattered throughout the archaeological site. 

 

 

 
Figure 3. Fragments of deer antler analysed. (a) BE-25308, (b) BE-25405-5. 

 

 

3. Methods 
 

MRS and EDXRF could have been applied to all the white paste samples and antler 

fragments. However, as already indicated, it was not possible to subject samples BE-

219-1 and BE-144, deposited in the Museum of Jaén, to FTIR-ATR analysis. 

 

3.1. Micro Raman Spectroscopy (MRS) 
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This technique was applied according to the method described in Sánchez et al. (2019) 

and Tuñón et al. (2020). A Renishaw ‘in via’ Qontor Spectrometer coupled with a 

confocal Leica DM LM microscope (CICT, University of Jaén), equipped with 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−1 line of silicon were used. The 

maximum laser output power was eventually reduced using neutral density filters. The 

spectra were acquired using the 50 × objective in the 100 to 3200 cm−1 region, with a 

spectral resolution of ca. 1 cm−1 (2,400 lines/mm grating in 532 nm laser) and ca. 1 

cm−1 (1,200 lines/mm grating in 785 nm laser). Acquisition time was set between 1 and 

10 s per accumulation and the maximum number of accumulations was 50.  

 

 

3.2. Micro energy dispersive X-ray fluorescence (µEDXRF) 

 

This technique was also applied according to the method described in Tuñón et al., 

(2020). 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 microfocus X-ray tube with an Rh anode, a polycapillary lens for 

X-ray focusing, and a 30-mm2 energy dispersive detector (SDD) calibrated to Kα1 line 

of Zr standard (15.775 keV). The sample chamber (200 x 160 x 120 mm) incorporated 

an XYZ motorised stage (330 mm x 170 mm) for sample positioning. A high resolution 

microscope (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 

could be brought under vacuum (20 mbar). For the analysis of the samples a spot size of 

25 μm was chosen at an operating X-ray tube voltage of 50 kV (30 W) and a current of 

600 μA. 

 

The concentration values were obtained with Bruker’s ESPRIT software (version 1.5) 

which included a standardless quantification option (MQuant) based on a fundamental 

parameter method allowing a large variety of samples to be quantified. Semiquantitative 

analysis was performed by calculating a theoretical spectrum with the Sherman equation 

with correction of matrix effects. This calculated spectrum was compared to the 

measured one and then the quantification result was iteratively improved (Rousseau, 

2004; Bruker, 2013; Flude et al., 2017). Reference samples (different from those 

commonly used for the standard calibration and maintenance of the instrument) were 

not used in this study due to the heterogeneity of the sample composition. 

 

Two measurement methods were applied for µEDXRF analysis:  

 Mapping analysis. This type of analysis is ideal for determining the 

concentration and distribution of chemical elements on the pottery surface, 

making it possible to visually define the compositional differences between the 

ceramic paste and the decoration. The main mapping experimental parameters 

were adjusted for each mapping: step size (50 µm) and dwell time (2-5 

ms/pixel). Map dimensions were changed according to the size of each 

analysed figure. 

 Single-spot analysis. This measurement type allowed the chemical composition 

of the pottery and white pastes to be determined at specific points. At least, 

three measurements of 120 s were carried out on both the ceramic paste and the 

white paste. High resolution microscopy coupled to the µEDXRF equipment 
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allowed further delineation of the areas so as to avoid sectors with 

discontinuous or fragmented decoration. 

 

 

3.3. Fourier transform infrared spectroscopy-Attenuated total reflectance (FTIR-ATR) 

 

FTIR spectra were collected with a Jasco 6200 spectrometer (CIC, University of 

Granada) with Attenuated Total Reflectance (ATR) in absorbance mode; 32 scans for 

each spectrum were acquired in the range 4000–400 cm−1, with a spectral resolution of 

4 cm−1. Spectral analysis was performed using the Spectra Manager v2 software.  

 

4. Results  

 

The analytical techniques used (MRS, µEDXRF and FTIR-ATR) allowed a good to the 

composition and type of material used in the white paste fillings of the Peñalosa proto-

Cogotas-type decoration. One of the materials identified was bone and the other was a 

type of clay, presumably one rich in kaolinite. 

 

4.1. White paste inlays made from bone 

 

In four of the five pottery samples (BE-28497-2, BE-28508-1, BE-28570, BE-144), the 

Raman spectra obtained all show the main ѵ1 vibrational band position at ~961 cm-1, 

suggesting the presence of hydroxyapatite in the white paste (Figure 4) (Antonakos et 

al., 2007; Farooq et al. 2013; Freire et al. 2015; Garskaite et al. 2014). In an uneven 

manner, peaks of much lower intensity that are characteristic of hydroxyapatite appear 

at ~434 cm-1 and ~593 cm-1. In the case of Sample BE-144, an additional band is 

visible at 3575 cm-1 and is attributed to an OH vibration indicating the formation of well 

crystallised hydroxyapatite. Carbonate ions are also present at ~1034, ~1050, and ~1076 

cm-1 and allow the biogenic nature of hydroxyapatite to be established when these peaks 

are present in the bone apatite structure (Bordes 2019) (Table 2). In any case, the 

differentiation between the types and the geological and biological origin of 

hydroxyapatite is still complex (Thomas et al. 2011).  
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Figure 4. MRS results. Sample BE-144. Experimental conditions: 50x objective, 50 accumulations of 10 

s, 532 nm argon ion laser, 2.5 mW. 

 

In the case of the two antlers, the main Raman band of hydroxyapatite at ~960 cm-1 was 

also identified. Furthermore, in the non-thermally altered horn (BE-25308) the peaks at 

~434 cm-1 and ~593 cm-1 and the carbonate peak at 1074 cm-1 were identified. The 

calcined sample (BE-25405-5) also presented on the less burned side the typical 

spectrum of amorphous carbon formed during the combustion process (Coccato et al. 

2015; Bordes 2019) with the bands at 1373 and 1604 cm-1. 

 
Sample Material Wavenumber/cm-1 Ref. 

BE-28570 White paste 435, 445, 454, 961, 1075 1, 2, 3 

BE-144 White paste 432, 590, 962, 1049, 1076, 3575 1, 2, 3, 4 

BE-28497-2 White paste 433, 963 1, 2, 3 

BE-28508 White paste 430, 447, 582, 961, 1048, 1075 1, 2, 3 

BE-25308 Antler 433, 450, 593, 608, 961, 1074 1, 2, 3 

BE-25405-5 Calcinated antler 961, 1072, less calcinated side: 1373, 1604 1, 2, 3, 4, 5 

Table 2. MRS results. References: 1) Freire et al. 2015; 2) Garskaite et al. 2014; 3) Antonakos et al., 

2007; 4) Bordes, 2019; 5) Coccato et al., 2015 

 

The µEDXRF elemental analysis of the pottery samples shed more light on the 

composition of the fillers. In the case of the four samples with hydroxyapatite, the 

results obtained through the point analysis by µEDXRF showed a difference in the 

composition between the white paste and the ceramic paste. A considerable abundance 

of CaO (48.41 to 50.23 wt%) and P2O5 (36.54 to 41.94 wt%) was observed, the SiO2 

(2.47 to 6.31 wt%) and Al2O3 (2.69 to 5.53 wt%) values being very low. The amount of 

CaO and P2O5 in these samples added up to more than 85% of the total elemental 

composition. This indicates that the white paste corresponds to a pure calcium 

phosphate phase (Odriozola and Hurtado 2005, 2007). The reference bone samples 

provided results similar to those of white pastes, although slightly higher, with CaO 

percentages ranging between 53.99 and 57.33 wt% and P2O5 between 33.54 and 38.24 

wt%. These data allow us to associate the composition of these inlays with a bone-type 

material (Table 3). 

 

Regarding the ceramic paste of these four samples, Al2O3 (19.35 to 24.86 wt%) and 

SiO2 (58.97 to 61.04 wt%) presented much higher values. Both are typical and majority 

elements of clay, together with other elements with a minority presence, such as K2O 

(3.18 to 5.76 wt%), Fe2O3 (6.08 to 8.72 wt%) and TiO2 (0.84 to 1.96 wt%) (Centeno et 

al. 2012). In those parts of the pottery where white fillings were not found, the 

percentages of CaO fell until it became a minority element (1.41 to 1.77 wt%) and P2O5 

almost disappeared, being reduced to values of less than 1.22 wt%. The almost residual 

appearance of the latter suggests that it may come from the raw material with which the 

vessel was made. 

 
Samples (no. of  

measurements) 

Na2O MgO Al2O3 SiO2 P2O5 SO3 -Cl K2O CaO TiO2 Fe2O3 Total (Wt%) 

BE-28570_WP (3) 0.04 0.03 2.69 2.47 41.94 0.91 0.27 0.09 50.23 0.03 0.87 99.57 

S.D. 0.04 0.03 1.35 1.34 1.42 0.28 0.10 0.10 1.80 0.04 0.88  

BE-28570_CP (3) 0.29 0.55 23.32 58.97 1.22 1.54 0.03 3.18 1.50 0.84 8.06 99.50 

S.D. 0.47 0.12 2.16 2.42 0.40 1.90 0.05 0.56 0.34 0.16 0.83  

BE-219-1_WP (4) 0.01 0.59 29.88 54.62 0.00 0.33 0.19 8.57 1.20 1.37 2.95 99.70 

S.D. 0.03 0.09 0.33 0.86 0.00 0.19 0.04 0.80 0.29 0.14 0.61  

BE-219-1_CP (3) 0.45 5.68 19.03 50.49 0.06 0.48 0.51 8.13 1.87 1.10 11.76 99.55 

S.D. 0.10 0.31 0.45 3.98 0.11 0.12 0.38 0.26 0.33 0.33 2.91  
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BE-144_WP (4) 0.04 0.30 5.53 6.31 37.19 0.62 0.33 0.22 48.67 0.04 0.44 99.68 

S.D. 0.06 0.04 1.89 2.45 2.72 0.33 0.07 0.09 1.57 0.01 0.15  

BE-144_CP (3) 0.09 1.70 19.35 59.42 0.44 0.90 0.07 5.76 1.41 1.40 8.72 99.25 

S.D. 0.16 0.27 2.10 5.03 0.15 0.22 0.04 2.19 0.44 0.44 2.01  

BE-28497-2_WP (3) 0.25 0.00 3.38 3.85 40.78 0.76 0.39 0.23 48.41 0.04 1.70 99.78 

S.D. 0.27 0.00 1.75 1.48 1.39 0.15 0.03 0.15 2.35 0.02 0.60  

BE-28497-2_CP (3) 0.48 0.63 22.53 59.75 0.78 0.00 0.13 5.00 1.77 1.96 6.57 99.59 

S.D. 0.83 0.14 2.36 3.81 0.25 0.00 0.01 3.76 0.32 2.24 2.28  

BE-28508_WP (3) 0.08 0.05 5.03 6.25 36.54 0.25 0.43 0.43 49.76 0.05 0.77 99.64 

S.D. 0.10 0.05 2.54 3.87 3.37 0.24 0.11 0.56 3.91 0.06 0.38  

BE-28508_CP (3) 0.28 0.60 24.86 61.04 0.40 0.00 0.08 3.92 1.61 0.81 6.08 99.67 

S.D. 0.32 0.27 2.79 1.75 0.37 0.00 0.06 0.52 0.30 0.40 0.70  

BE-25308_A (9) 0.11 0.22 3.58 3.53 36.76 0.00 0.09 0.12 53.99 0.02 0.94 99.37 

S.D. 0.11 0.03 2.23 2.55 2.62 0.00 0.01 0.11 2.89 0.01 0.50  

BE-25405-5 CA out (6) 0.00 0.01 2.21 2.12 38.34 0.08 0.47 0.18 55.82 0.02 0.63 99.88 

S.D. 0.00 0.02 1.53 1.65 2.51 0.04 0.10 0.18 1.43 0.03 0.63  

BE-25405-5 CA in (8) 0.26 0.19 3.44 3.50 33.54 0.13 0.25 0.20 57.33 0.06 0.81 99.71 

S.D. 0.19 0.05 2.67 2.92 3.68 0.02 0.15 0.22 4.03 0.08 0.91  

Table 3. Results μEDXRF analysis. WP: White paste. PC: Ceramic paste. A: antler. CA: calcinated antler. 

 

Mapping of the pottery sherd surfaces clearly showed that the differences in the 

concentrations recorded in the point analyses have a clear spatial continuity. The 

concentration of P and Ca in the white paste incrustations stood out clearly, while on the 

rest of the pottery surface the predominant elements were Al and Si (Figure 5). The rest 

of the elements (Ti, Mg, Cl, K, Fe, S, Na) either appeared scattered throughout the 

ceramic paste, as they are a natural part of the clay, or they were not detected through 

mapping due to their low amount. 

 

 
Figure 5. μEDXRF mapping analysis of Ca, P, Al and Si in ceramic fragment BE-144. 

 

Another parameter that allows this white paste to be associated with the biogenic nature 

of hydroxyapatite and, therefore, with bone matter, is the P/Ca ratio in the sample based 

on its elemental concentration (Table 4) (Odriozola and Martínez 2007). The P/Ca ratio 

found in the samples containing calcium phosphate was clearly above the limit 

proposed (1.98) by Schiegl et al. (2003) to distinguish between mineral and biogenic 

hydroxyapatite. 

 

For their part, the analysed antlers showed a higher P/Ca ratio, reaching values close to 

3%. The variability in the P/Ca ratio between the white pastes and the antlers may be 
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due to factors fundamentally justified by the various diagenetic processes that 

intervened in them. These processes can produce the enrichment or depletion of Ca 

and/or P (Douglas et al., 1992; Mamede et al. 2017), being particularly intensified 

especially in the case of the antlers. The porous structure of the antlers also makes them 

more susceptible to infiltration by other materials (Douglas et al., 1992), meaning that 

the postdepositional contributions received will be greater than in the case of white 

paste fillings, where grinding resulted in a dense and not very porous mass. 

 

Sample Ca P P/Ca 

BE-28497-2 26.40 63.88 2.42 

BE-28508-1 23.58 65.24 2.77 

BE-28570 26.89 66.17 2.46 

BE-144 25.01 65.60 2.62 

BE-25308 (A) 23.19 68.81 2.97 

BE-25405-5 (CA) 23.90 70.95 2.97 

Table 4. Ca and P % weight elemental and P/Ca ratio. A: antler, CA: calcinated antler. 

 

With regard to the FTIR-ATR analysis of the three pottery samples for which 

authorisation was obtained, the results added to our knowledge of the pottery and white 

filling manufacture. 

 

In the case of ceramic paste, it was possible to determine the use of a siliceous clay, rich 

in clay minerals from the illite group, with siliciclastic tempers (Figure 6). The 

dominant bands in the IR spectra of the pottery were the SiO vibrations. These 

vibrations are related to illite and quartz and were common to all three samples (Table 

4). Regarding these bands, peaks identified at 423-478 cm-1 refer to Si-O-Si bending 

vibrations associated with silicates (Erdoğan et al. 2016; Zviagina et al. 2020). Also, the 

main peak identified at 993-995 cm-1 (Figure 6) corresponds to the Si–O stretching 

vibrations of illite minerals. The doublet at 795-775 cm-1 due to Si-O symmetric 

stretching, and the peak at 693 cm-1 due to Si-O symmetric bending, show the presence 

of quartz (Saikia and Parthasarathy 2010; Shoval et al. 2011). Moreover, the 721 cm-1 

peak due to Al-O-Si bending indicates the presence of albite (Cantelli et al. 2020).  

 

The presence of bands characteristic of structural water indicates that this pottery was 

subjected to a firing temperature of lower than 700ºC. Deformation vibrational modes 

of water molecules are present at 1644, 1636, and 1634 cm-1 (Erdoğan et al., 2016) 

(Figure 6). Moreover, wide and weak OH-stretching bands are present at 3450, 3623 

and 3693 cm-1 (Frost and Mendelovici, 2006; Anbri et al., 2008; Elgamouz and Tijani, 

2018). These OH vibrational bands disappear due to the loss of absorbed water at high 

temperatures, manifesting in lower vibrations in stretching modes, which begin to occur 

above 700ºC (Elgamouz et al. 2019).   
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Figure 6. FTIR-ATR results. Ceramic pastes. A) BE-28570, B) BE28580, C) BE-28498. 

 

The white paste spectra are all similar and are characterised by the presence of CO₃ ²  

bands at 1456 cm-1, 1410-1411 cm-1 and 872 cm-1, as well as bands associated with 

PO₄ ³- located at 961 cm-1 and 598-599 cm-1 and 560 cm-1 (Odriozola and Hurtado, 

2007; Giustetto et al., 2013; Perišić et al. 2016). These intensities show the presence of 

hydroxyapatite and carbonate-hydroxyapatite, both components of bone (Perišić et al. 

2016). The band located at 3573 cm-1 belongs to the hydroxyl group (Giustetto et al. 

2013; Thompson et al. 2013), which is also part of the bone composition. The bands 

situated in the 750-400 cm-1 region correspond to the stretching and bending modes of 

phosphate groups of hydroxyapatite (Odriozola y Hurtado 2005, 2007). 

 

The previous bands were also present in the antlers analysed. Only the band located at 

1956 cm-1 in the antlers moved at lower intensities or disappeared in the white paste 

fillings. There was also a displacement between 1450 and 1456 cm-1 between the 

calcined antler (BE-25308) and the non-thermally altered antler (BE-25405). These 

displacements occur as a consequence of exposure to high temperatures (Lebon et al., 

2008) (Figure 7). 

 

The attribution of the bands obtained to biogenic hydroxyapatite makes it possible to 

rule out a geological nature for the hydroxyapatite. In that case, the band at 574 cm-1 

would be more intense and the band at 560 cm-1 would appear as a shoulder of this main 

band. However, in the biogenic apatites, the main band appeared at 560 cm-1 (Odriozola 

and Hurtado 2005, 2007) and the band disappeared at 574 cm-1, as occurred with the 

white paste fillings studied. On the other hand, the lack of another type of band 
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unrelated to the composition of the bone indicates that only this material was used for 

the manufacture of white pastes. 

 

In terms of the firing temperature, there were some indicators that the white paste 

samples had been heated. In general, in non-calcinated bones the band at 1640 cm-1 was 

more intense and related to H2O bending vibration modes, which, in addition, formed a 

broad band around 3360 cm-1 (Giustetto et al. 2013). In the case of white pastes and 

calcined bone, the band at 1640 cm-1 lost intensity or disappeared and a new band 

emerged at 3573 cm-1 (Figure 7). 

 

Further proof of heating was the 2013 cm-1 band identified only in the white pastes. 

This band was defined as cyanamidapatite (Starkovich et al. 2013), which some 

researchers suggest arises when calcined bone comes into contact with charcoal during 

firing (Hüls et al. 2010; Van Strydonck et al. 2010). 

 

 
Figure 7. FTIR-ATR results, A) Deer antler, B) Calcinated deer antler, C) White paste inlay, sample BE-

28498. 
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On the other hand, the band at 630 cm-1 appears when the bone mineral (hydroxyl 

apatite carbonate) transforms into a crystalline phase (hydroxyapatite) and its 

appearance occurs when the bone has been calcined at high temperatures (between 700 

and 900 ºC) (Perišić et al. 2013). Likewise, the good definition of the PO₄ ³ bands 

indicates that the bones were heated to a high temperature, a phenomenon that usually 

occurs above 800ºC, when the water and organic content of the bone has been lost and 

its crystalline structure is reorganised (Perišić et al. 2016; Thompson et al. 2013). 

Furthermore, amorphous calcium phosphate has a well-defined doublet between 500 

and 600 cm-1 in well crystallised hydroxyapatite, as observed in the analysed white 

pastes (Wright and Schwarcz 1996; Pucéat et al. 2004; Munro et al. 2007). 

 

In the antler that had not been thermally altered (BE-25308), a band between 1600-1660 

cm-1 was recorded and can be linked to the presence of organic elements and water 

(Thompson et al. 2013). This band lost intensity in the calcined horn (BE-25405) and 

white paste fillings (BE-28570, BE-28508-1, BE-28497-2 PB), due to the disappearance 

of organic elements and structural water in temperatures above 800ºC (Holck 2005; 

Walker et al. 2008; Mamede et al. 2017: 5, Marques et al. 2018). The band at 1085 cm-1, 

a shoulder in the rest of the non-thermally altered horn, developed in a peak of the 

antisymmetric v3 mode of hydroxylapatite at 1086 cm-1 (Merincea et al. 2004) only 

identified in the calcined fragment and in white paste. At 900ºC, the OH stretching band 

at 3570 cm-1 also appears markedly (Goldberg et al. 2020) in white paste and calcined 

horn. 

 

4.2. White paste inlays with kaolinite clay 

 

The Raman analysis of the white paste of sample BE-219-1 did not present a resolutory 

spectrum. Despite the above, the absence of the Raman signal of minerals that can be 

easily identified with this technique and used in the production of white paste (calcite, 

talc, gypsum or dolomite) allows us to limit the search for the materials responsible for 

the white colouration of the inlaid paste (Middleton et al. 2005; Buzgar and Apopei 

2009; Buzgar et al. 2010; Centeno et al. 2012). 

 

Thanks to the μEDXRF point and surface analysis, the sample presented a composition 

that was clearly different to the rest of the samples (Table 3). In the white paste there 

was an obvious low presence of P and Ca and its composition was similar to that of the 

clay that makes up the ceramic paste. However, the most relevant and differentiating 

data are a higher concentration of Al and Si (Figure 8). The rest of the elements that 

made up the white paste (Ti, Mg, Cl, Fe, S, Na) did not present notable surface maps 

due to their low quantity and/or the similarity of concentration with the ceramic paste. 

The data obtained would therefore indicate that the origin of the white paste in this 

pottery is a white clay that, judging by the high values of Si and Al, would have been 

rich in kaolinite (Buzgar et al. 2010, 2013). 
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Figure 8. μEDXRF mapping analysis of Ca, P, Al and Si in ceramic fragment BE-219-1. 

 

The enrichment of this white paste with K2O (8.8 wt%) can be linked to the origin of 

the raw material itself. In the surroundings of Peñalosa, K2O can be associated with 

feldspars found as a contribution to the kaolinitic clays from the erosion of kaolinised 

granites (IGME 1977). 

 

On the other hand, the concentration of Fe2O3 and MgO on the ceramic surface of 

Sample BE-219-1 was much greater than in the white paste. The presence of these 

oxides in the white filler can be associated with impurities in the kaolinitic clay itself. 

The existence of Fe2O3 in the crystal lattice of kaolinite can affect its whiteness 

(Cameselle 1995: 291); hence the colour of this paste is less whitish than those made 

with bone and it takes on a more yellowish hue. 

 

In relation to the other four pieces of pottery analysed, the high values of Fe2O3 and 

MgO in the ceramic paste of sample BE-219-1 suggest that the clay used to 

manufacture it had a different origin. These elements are typical of red clays, which can 

be easily found in the Peñalosa area (García González et al. 2010) as a product of the 

erosion of different rock formations, such as sandstones or slate (IGME 1977). 

 

4. Discussion 

 

In the first place, it is evident that the pottery assemblage analysed is limited, not so 

much by an incomplete selection, as by the exceptionality of this type of decoration at 

the Peñalosa archaeological site. Secondly, the impossibility of minimally altering the 

white paste with the application of FTIR-ATR in two of the samples prevented the 

selected analysis methodology (MRS+μEDXRF+FTIR-ATR) from being fully or 

systematically applied. Despite this, several aspects of the results obtained in the 

analysis of the pottery and the white pastes of the inlays can be discussed and 

commented on: composition, manufacture, origin and relationships that can be 

established with other regions on the Iberian Peninsula. 
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In four samples (BE-28497-2, BE-28508-1, BE-28570, BE-144) the clear identification 

of biogenic hydroxyapatite indicates that bone was the material of choice for the 

production of white paste. Its use is documented in the two chronological phases that 

span the first half of the second millennium BC. In terms of the rest of the components 

that make up these white pastes, experimental studies carried out on different 

anatomical parts and different animal species (Buddhachat et al. 2016) show that they 

may contain these minority elements. Elements such as Al, Si, K, S, Mg, Ti and Fe are 

found in the bones of many animal species, as is also demonstrated by the values 

obtained in the reference antler samples analysed in this study (Table 3). However, from 

the elemental chemical composition of the bone it is difficult to know which animal 

species it comes from. This is due to the fact that there is no fixed pattern among 

species in the percentage of these chemical elements, as their proportion may vary 

depending on the calcification of the bone tissue and the age and sex of each individual 

(Odriozola and Martínez 2007). Furthermore, structurally there are similarities between 

certain species, as in the case of bovine and human bones (Herliansyah et al. 2009). It 

should also be taken into account that the presence of some lightweight elements such 

as S and Cl on the surface may be due to interaction with the environment, sediment 

and/or the cleaning procedure (Centeno et al. 2012; Angeli et al. 2019: 194). 

 

Another important aspect to ascertain is whether this bone component was heated in a 

first firing together with the pottery or whether it was heated separately and later added 

to the cavity made for the decoration. Some studies (Baldini et al. 2005; Všianský et al. 

2014; Kos et al. 2015; Jones et al. 2019) have proposed that the bone was thermally 

altered before being crushed or ground for adhesion as a component in the white paste, 

while other researchers have demonstrated the friability of burnt bone at high 

temperatures (Munro et al. 2007). In other research it has been argued that the bone 

would have been added unprocessed and fired with the pottery to allow the organic 

matter to adhere to the pottery surface (Odriozola and Hurtado 2007; Giustetto 2013; 

Jones 2019). 

 

In the case of Peñalosa, the ceramic paste in which the white paste was embedded was 

made with a siliceous clay rich in minerals from the clay of the illite group and with 

siliciclastic tempers. The data provided by the FTIR-ATR analyses indicate a firing 

temperature of below 700ᵒC. This contrasts with the temperature of above 800°C 

reached when making the white paste that coincides with the estimated firing 

temperature for calcined horn (BE-25405-5). Therefore, it seems clear that there were 

two separate manufacturing processes. The final phase would have been the embedding 

of the white paste in the pottery, although we are unable to ascertain whether there was 

a subsequent short firing with the two components together. 

 

It is also necessary to take into account the possible alterations caused by the use of the 

vessel itself or by postdepositional agents that have acted on them (Thomas et al. 2011). 

In any case, the lack of evidence of this type of activity or process in the samples 

analysed, as well as the poor definition of the pottery shapes due to the small size of the 

sherds bearing this type of decoration, makes it difficult to assign possible thermal 

alterations to a specific use of the vessel. On the other hand, throughout the research it 

has been defended that this decorated tableware was associated with household goods 

intended for food consumption and, due to its aesthetic qualities, reserved for special 

occasions (Harrison 1995; Abarquero 2005). Furthermore, in the event that any type of 

alteration had been caused by the use and burial of the pottery, it would not have been 
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enough to produce these thermal transformations in the white paste (Odriozola and 

Hurtado 2007). Therefore, only the pottery firing could have modified the bone 

structure. 

 

Moreover, these white pastes have a very whitish colouration that can only be obtained 

with calcined bone. This is because, as the temperature increases, the bone 

progressively takes on a lighter colour (from light grey to white). When the bone 

calcines, it takes on the intense white colour typical of hydroxyapatite (Bonucci and 

Graziani 1975; Giustetto et al. 2013; Lim et al. 2014), as is the case of the white 

incrustations under study. For this characteristic to occur in the bone, the heating had to 

have reached 800ºC (Walker et al. 2008; Mamede et al. 2017: 5, Marques et al. 2018; 

Lambrech and Mallol 2020). In this respect, in Peñalosa only deer antlers have been 

shown to have reached such temperatures (Contreras, 2000; Sanz and Morales 2000; 

Altamirano, 2015). 

 

The possible use of deer antlers in the preparation of the white inlays of the Peñalosa 

pottery also has very clear archaeological support. Of note, as already indicated, is the 

concentration of debris from shed deer antlers found in Houses VI and X at Peñalosa, 

which were purposely calcined to serve in the manufacture of different tools, 

particularly the handles. It seems evident, therefore, that the inhabitants of Peñalosa 

were aware of the benefits of heating this raw material to make it easier to work with. 

 

Due to their hardness and elasticity, the use of deer antlers for the manufacture of 

utensils is widely documented in prehistory (Schibler 2001; Kos et al. 2015; López 

Padilla 2019; Gummesson et al. 2019) and was especially widespread in the Argaric 

territory (Altamirano 2015). The choice of deer antler for the manufacture of white 

paste inlays has also been documented in other contexts chronologically 

contemporaneous with Peñalosa, such as Podunavlje (Croatia) (Kos et al. 2015). 

 

In the case of Sherd BE-219-1, dated to the first quarter of the second millennium BC, 

the raw material used to make the white paste was a clay rich in kaolinite. This mineral 

is not particularly common in this area, but can be found in the igneous rocks, such as 

granites, located approximately 6 km northeast of the Peñalosa archaeological site. It 

has been incorporated into the rock structure by volcanic, hydrothermal or weathering 

processes (Bartolomé 1997) (IGME, 1977). 

 

Determining the conditions and approximate firing temperature of the kaolinitic white 

paste is more complicated with the analytical techniques used and given the 

impossibility of analysing it by FTIR-ATR. In this regard, the studies undertaken 

suggest two hypotheses: that these white pastes were hardened simply by letting them 

dry (Všianský et al. 2014) or that they were heated together with the pottery in a second 

low temperature firing (below 500ºC ) (Lantes-Suarez et al. 2010). 

 

Finally, the use of two types of filling in the early second millennium BC in the 

Peñalosa pottery could be due to two factors: on the one hand, different manufacturing 

methods justified by the procedures of different artisans, or, on the other, various 

external influences on the production of the Peñalosa white pastes. 

 

In the first case, if the existence and supply of deer antlers is demonstrated at Peñalosa, 

for the application of white clay there would have had to have been a well-defined 



18 
 

supply strategy that would have allowed a white pigment that stood out over the rest of 

the pottery to be obtained as an end product. In this respect, kaolinite is not an abundant 

resource in the area around the archaeological site. If the foregoing is verified, it would 

be evidence of a more complex pottery production and specialisation (Aranda 2010). 

However, to date the archaeological record only contains one analysed fragment found 

to have this composition, so it is difficult to assert whether this type of manufacture is 

associated with local or foreign production. 

 

In the second case, it has been proposed that there was a greater exchange of ideas when 

a settlement was located at the distribution limit of different technical identities or 

border areas (Odriozola 2018). In this respect, Peñalosa is an enclave located in a border 

area in contact with both the central Meseta and the southeast of the Iberian Peninsula; 

therefore it would have been subjected to various influences that could have met the 

requirements proposed in the aforementioned study. The white paste fillings made with 

bone have shown parallels both in temporality (Aubet et al. 1983; Abarquero 2005) and 

composition with the productions of the Middle Guadiana River area, where those made 

with this type of material are concentrated, whereas in the northern Meseta area the 

composition of these decorations is predominantly calcite (Odriozola et al., 2012). 

Although the existence of this influence from the southwest of the Iberian Peninsula is 

evident, the manufacturing technology of this pottery (Vico 2021) and the evidence of 

the working of certain bone resources at the archaeological site itself, suggests that this 

type of production was local. 

 

The use of bone in the manufacture of these decorative fillings is widespread in other 

European Bronze Age contexts (Gherdán et al. 2003, Sziki et al. 2003, Roberts et al. 

2008; Parkinson et al. 2010; Kos et al. 2015; Sofaer and Roberts 2016), meaning that 

the Peñalosa settlement followed patterns very similar to the predominant 

manufacturing model during that period over a wide territory. 

 

Another contact route would have been via the southern Meseta, where there are large 

kaolinite outcrops (IGME 2005) that could also have been used in the manufacture of 

white paste decorations, as attested by the case of BE-219. In the northwest of the 

Iberian Peninsula, white paste decorations have also been identified in Bell Beaker 

pottery from the Copper Age in Finisterre (Galicia) (Covertini and Querré 1998; Lantes-

Suárez et al 2015) composed of kaolinite. However, in this area, no proto-Cogotas type 

pottery from the Bronze Age that would allow the results to be compared has been 

documented. Outside this territory, at the archaeological site of San Cristóbal (Cáceres), 

the researchers maintain that the white pastes of the Bell Beaker pottery were made with 

kaolin (González and Barroso 1996-2003) and that perhaps there may have been a 

production tradition throughout time. Since these authors do not contrast their 

hypothesis with any type of archaeometric analysis, their proposal cannot be validated. 

However, the use of this raw material for the manufacture of white paste does not 

confirm the external origin of this example, since, as previously mentioned, this mineral 

can be found in secondary deposits in the area of the archaeological site. For the time 

being, the Peñalosa pottery appears to be almost unique in the Bronze Age, pending 

new finds and archaeometric analyses that would allow external relationships or local 

productions to be established. 

 

 

5. Conclusions 
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The application of the MRS, µEDXRF and FTIR-ATR techniques to the study of the 

white paste inlays of Peñalosa Bronze Age pottery has proven useful in identifying the 

nature of the raw material and some of the technical processes used in their 

manufacture. The use of µEDXRF surface analysis was particularly innovative. 

 

It was possible to establish that the white paste fillings in the pottery were manufactured 

with two different types of material, bone and kaolinite, both used contemporaneously. 

A greater technological and decorative homogeneity was observed in the pastes that 

present biogenic hydroxyapatite, while the white paste made with kaolinite differed 

from the rest. 

 

The comparison of the analytical results obtained in the case of white pastes of bone 

origin and the archaeofaunal and contextual studies was also of great interest. Thanks to 

these, it was possible to hypothesise on the type of bone used for the manufacture of 

these decorations. They indicate that the potters made a very specific and conscious 

selection of the raw material, in this case presumably deer antlers. 

 

In summary, this study has provided a broader perspective on the production technology 

used to make the white paste inlays of the proto-Cogotas-type pottery of the Bronze 

Age Argaric culture in the southeast of the Iberian Peninsula. No studies of this type 

had previously been carried out in this area. However, in future research it will be 

necessary to increase the number of samples, expanding at the same time the 

geographical area studied in order to draw more precise conclusions regarding the 

evolution and transfer of the manufacturing technology of these decorations. 
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Suplementary data 

  
MRS results. Sample BE-28497-2. Experimental conditions: 50x objective, 50 accumulations of 10 s, 785 

nm diode laser, 2.5 mW.  

 
 

MRS results. Sample BE-28508-1. Experimental conditions: 50x objective, 50 accumulations of 10 s, 532 

nm argon ion laser, 2.5 mW. 
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MRS results. Sample BE-28570. Experimental conditions: 50x objective, 50 accumulations of 10 s, 532 

nm argon ion laser, 2.5 mW. 

 

 
 

MRS results. Sample BE-25405-2. Experimental conditions: 50x objective, 50 accumulations of 10 s, 532 

nm argon ion laser, 2.5 mW. 
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MRS results. Sample BE-25308. Experimental conditions: 50x objective, 50 accumulations of 10 s, 785 

nm diode laser, 2.5 mW. 

 

 
μEDXRF mapping analysis of Ca and P in ceramic fragment BE-28497-2. 
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.  
μEDXRF mapping analysis of Ca and P in ceramic fragment BE-28508. 

 

 

 
μEDXRF mapping analysis of Ca and P in ceramic fragment BE-28570. 

 


