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ABSTRACT 

The geochemical character of two chert formations from the Pyrenean mountain range (SW Europe) 

was established by PIXE analyses. While it was not possible to distinguish the formations through 

reference to major and minor elements, some variations were revealed at the trace elemental level. In 

order to determine if these elements are associated with the Si matrix or to the contents of a specific 

inclusion, elemental maps were acquired and the elemental composition of the identified inclusions were 

also determined. As a result, Sr, Ni and Zn are better represented in Montgaillard samples while Y, Hf, 

W and Zr are typical of Montsaunès cherts. Thanks to elemental maps it has been possible to determine 

that most of these characteristic elements are usually related to a specific inclusion content.   
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1. Introduction  

The use of geochemical studies to characterise chert have increased in the last few years [1-8]. Results 

show that these analyses are essential for better determining the relationship prehistoric human 

populations had with their environment. It remains however, that petrographic and 

micropalaeontological analyses are the most common methodological approaches to characterise / 

discriminate different source products, with geochemical techniques not thus far systematically applied 

to an archaeological lithic assemblage. This lack of studies is probably due to the difficulty in 
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distinguishing source materials on the basis of their geochemical composition. Two problems are usually 

commented upon when analysing cherts, namely high Si rates, and low trace element averages at a few 

ppm or ppb level. Nevertheless, in several studies some trace elements appear to show potential for 

differentiating between geological sources. Thus, U, Sr and As detected with LA-ICP-MS analyses have 

allowed distinguishing between several lacustrine cherts formations outcropping in the Pyrenees 

(Sánchez de la Torre et al. in press1). Even in these cases it remains unclear as to whether these ‘useful’ 

trace elements comprise part of the Si matrix, or alternatively constitute part of some specific inclusions, 

as for example with bioclasts or minerals. We attempt to shed light onto this problem by analysing trace 

element mapping with PIXE. PIXE technique has been chosen from the several available techniques 

(for example SEM/EDS) as our aim is to continue the analyses with archaeological artefacts. Being non-

destructive, PIXE is one of the most useful techniques to determine the concentration and distribution 

of elements also for archaeological remains where the object has to be preserved. PIXE presents better 

detection limits for the elements measured than SEM/EDS or ED-XRF. PIXE was more useful than 

these techniques regarding our aim to develop mapping analyses of some trace elements, that were 

present in the samples in low averages. Therefore, the development of mapping analyses with elements 

as Ni, Zn, Sr, Y, Zr, Hf or W, present in low proportions in our samples, was not possible with SEM/EDS 

or ED-XRF due to the previously exposed detection limits. 

For this study we characterized geological products from two marine chert sources that outcrop on the 

northern slopes of the Pyrenees. The Pyrenean mountain range is a mountain chain located in South-

Western Europe and naturally dividing in the S-N axis the Iberian Peninsula from the rest of the 

continental Europe. It extends for almost 500 km from the NW (Bay of Biscay) to the SE (Mediterranean 

Sea) and today is the natural barrier dividing France and Spain. 

The two chert sources studied, the Montgaillard flysch cherts and the Montsaunès cherts, were chosen 

on the basis of their having been exploited and circulated over distance during the Upper Palaeolithic. 

Cherts coming from one or the other formation are regularly documented from the lithic assemblages of 

several Palaeolithic sites from both Pyrenean slopes, their presence determined on the basis of their 

textural, micropaleontological and petrographic characteristics [9].  

The Montgaillard flysch cherts are located in the flysch limestones from the Turonian to the Santonian 

outcropping near Montgaillard and Hibarette (Hautes-Pyrénées, France), where lithic debris from 

ancient knapping has been found [10]. The micropalaeontological content is composed of sponge 

spicules and some small benthic foraminifera. In thin sections, a criptoquartz mosaic is viewed as the 

                                                           
1 Sánchez de la Torre, M., Le Bourdonnec, F.X., Gratuze, B., Domingo, R., García-Simón, L.M., Montes, L., Mazo, C. & 

Utrilla, P., in press, Journal of Archaeological Science: Reports, accepted 12-03-2017.  
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main. In some samples length-fast chalcedony is identified. Carbonated elements are constituted by 

micrite and some skeletal bioclastic elements in the process of being silicified.  

The Montsaunès-Ausseing cherts are inserted in the Nankin limestones from the Middle Maastrichtian 

and outcropping in the Ausseing Mountain and  Montsaunès (Haute-Garonne, France) [11]. The 

micropaleontological content is represented by sponge spicules and small foraminifera. Maastrichtian 

benthic foraminifera such as Siderolites have been detected in a few samples. In thin section a 

criptoquartz mosaic is seen as the main texture, with only a few length-fast chalcedony recorded on 

average. Siliceous sponge spicules, micrite and bioclastic here completely silicified as original 

carbonate, are also characteristic, making the two chert formations hard to distinguish.  

In short, both formations comprise chert with similar characteristics at the textural, 

micropalaeontological and petrographic point of view, with only Maastrichtian benthic foraminifera 

being detected in some Montsaunès cherts (i.e. a potential discriminant characteristic). Nevertheless, as 

these micropaleontological elements are not regularly present, given the absence of these foraminifera 

in cherts, the differentiation between formations becomes impossible on the basis of this characteristic 

alone.  Some geochemical analyses have recently been performed using ED-XRF and LA-ICP-MS 

(Sánchez de la Torre et al., submitted –see footnote 1-). Results show the existence of several trace 

elements giving valuable information to distinguish between chert types. Nevertheless, it is not yet 

determined if these trace elements are associated with the Si matrix or to the inclusion content. For this 

reason, PIXE analyses with trace element mapping has been performed with the aim to determine where 

these ‘key’ elements are located.  

 

2. Material and methods 

Forty geological chert samples (20 from Montgaillard source and 20 from Montsaunès source) were 

selected for the analysis. To avoid the influence of surface alterations / geochemical weathering, the 

samples were prepared in squares of 5 mm x 5 mm having first removed the cortical surface and then 

polished.  Nevertheless, as it is our aim to later apply these studies to archaeological remains, one of the 

geological samples from Montsaunès, a flake recovered from the ancient knapping evidences at the 

outcrop, was analysed without any preparation. Results were similar to those obtained for the other 

geological samples.  
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The analytical quantification of cherts was carried out using the particle induced X-ray emission (PIXE) 

method. The PIXE measurements were performed at the scanning nuclear microprobe installed on the 

0° beamline of the 5 MV Van de Graaff accelerator of MTA Atomki (Debrecen, Hungary) [12].  

Concerning the measurement conditions, a proton beam of 3.2 MeV energy focused down to ~4µm x 

4µm with a current of 50-100 pA was used to irradiate the samples. The beam current had to be kept 

under 100 pA in order to avoid the charging up of the samples. The scan size was 1 mm x 1 mm. On 

each sample 2-4 areas of 1mm2 were measured. At first, elemental maps and summed up X-ray spectra 

on the full 1mm x 1mm area were recorded. If inhomogeneities were present, e.g. micro fossils or 

mineral inclusions, the scan size and thus the scan area was reduced in order to see these patterns better, 

and additional measurements were made on the inclusion itself using the selected raster mode. Typical 

size of these inclusions were 30-100 µm. The accumulated charge on each measurement was 0.1-0.15 

µC.  

For the light-element PIXE-PIXE measurements, two X-ray detectors placed at 135º geometry relative 

to the incident beam were applied to collect the emitted characteristic X-rays. An SDD detector with 

AP3.3 ultra-thin polymer window (SGX Sensortech) with 30 mm2 active surface area was used to 

measure low and medium energy X-rays (0.2 – 12 keV, Z > 5). A permanent magnet protects the detector 

from the scattered protons. A Gresham type Be windowed Si(Li) X-ray detector with 30 mm2 active 

surface area equipped with an additional kapton filter of 125 µm thickness was applied to detect the 

medium and high energy X-rays (3-30 keV, Z > 19). The accumulated charge was monitored with a 

beam chopper. Detailed description of the measurement setup can be found in [13]. 

Signals from all detectors (two PIXE and the particle detector of the chopper) were recorded event by 

event in list mode by the Oxford type OMDAQ2007 data acquisition system [14]. PIXE spectra with 

better resolution and lower dead time were recorded parallel to this with an independent Canberra data 

acquisition system and with the SGX DX200 digital DPP.  

The obtained PIXE spectra were evaluated with the GUPIXWIN software [15] to determine the 

elemental composition of the samples. At first, the composition of the matrix was calculated from the 

spectra of the SDD detector using the iterative matrix solution method, and then the spectra of the Be 

windowed detector was analysed in trace element mode, using the previously obtained matrix and the 

measured irradiation dose. On the spectra of both detectors the X-ray energy range of 3.0 - 8.5 keV is 

common, therefore intensive X-ray lines within this range (e.g. Ca Kα, Ti Kα, Fe Kα), was used to 

normalize the elemental concentrations.  
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Analyses of reference materials were carried out in the beginning and at the end of the measurement 

campaign in order to check the accuracy of the dose measurement and of the precision of the PIXE-

PIXE system. The following standards were used: NIST SRM 610 glass, Corning reference 

archaeological glasses A and B and a series of pure metal foils by Advent Research Materials Ltd. with 

50 m thickness (Ti, Fe, Ni, Zn, Pb, Sn, Cd, Zr) and a layered sample (6 µm thick Ti foil on 50 µm Ni). 

The calibration of the beam chopper was also done at the beginning and at the end of the campaign. 

These measurements served also for the determination of the exact measurement conditions (e.g. 

geometry, solid angles of detectors, absorbent thickness).  

3. Results 

Three types of inclusions were usually detected within the Montgaillard and Montsaunès cherts, of 

which surfaces of about 1000 x 1000 µm were selected for analysis and mapped. The most common 

inclusions were essentially constituted by Ca, Fe and Zr. While Ca and Fe inclusions were detected in 

both chert sources, Zr inclusions only are present in Montsaunès samples. The analysis of these 

inclusions with a restricted area of 100 x 100 µm showed that several trace elements usually are 

connected to these inclusions. Quantitative data reveals the presence of several trace elements that are 

always found in association with a specific inclusion (Table 1). 

Mapping analyses of 1000 x 1000 µm analysed area (Figs. 1 and 3), together with quantitative data show 

that there are correlations between certain elements. Thus, Na, Mg, Mn, Cu and Al are elements regularly 

present in the Si matrix, while also being present in some inclusions. Conversely, Ca, Fe, K and Zr are 

usually constituent of inclusions rather than comprising part of the Si matrix. Concerning specific 

analysed areas (Figs. 2 and 4), some trace elements are frequently related with Ca or Fe inclusions, as 

S, V, Cr, Ni, Sr, while others are only present when related to a specific inclusion, as Zn, which are 

mostly related to Fe concentrations and Sr, which is always associated with Ca inclusions. As and Pb 

have only been identified in association with Fe inclusions, while W is present in Fe and Zr inclusions 

and Y, Hf, U and Th are always related to Zr inclusions. Finally, K concentrations contain detectable 

Rb and the higher Ti concentrations detected in Ti inclusions also contain detectable Nb, Ti and Ta. 

In summary, some differences have been observed between both chert types concerning the trace 

elements presence and mapping distribution. V and Cr amounts are usually higher in Montsaunès 

samples, Sr is in higher concentrations in Montgaillard samples, being always related with Ca inclusions, 

and Ni and Zn are better represented in Montgaillard cherts. Moreover, Zr inclusions are only 

represented in Montsaunès cherts and connected to these inclusions Y, Hf and W traces are found, all 

of them just detected in Montsaunès cherts (Fig. 5). 
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4. Conclusions 

This first approach to trace element characterization of the two Pyrenean chert source products by PIXE 

has allowed us to establish differences between the Montgaillard and Montsaunès chert sources. 

Concerning the quantitative data obtained by PIXE analyses, some distinctions were revealed. While Sr, 

Ni and Zn are best represented in Montgaillard samples, higher amounts of V, Cr and specifically Y, 

Hf, W and Zr are typical constituents of Montsaunès cherts. Moreover, thanks to the trace element 

mapping, it was possible to detect where specific trace elements were present, thus enabling us to 

connect them to either the Si matrix, or the inclusions.  

As the geochemical differences between these chert sources has been established, the next step will be 

to apply this method to archaeological artefacts. Being a non-destructive technique, it is a suitable 

technique to obtain quantitative data and more specifically elements distribution by area mapping from 

archaeological artefacts, not being indispensable a polished surface. Moreover, the application of PIXE 

analyses to archaeological cherts possessing similar characteristics than Montgaillard and Montsaunès 

chert sources is promising for specifying the origin of an artefact’s raw material. Thus, the next stage in 

this project will be to analyse artefacts from a number of Pyrenean Palaeolithic sites. The study presented 

here thus represents the first step for finding another way to better determine lithic procurement and 

human mobility in the Pyrenees during prehistoric times. 
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List of tables and figures 

 

Table 1 – Quantitative results (in ppm) for a Montgaillard (MG) a Montsaunès (MS) sample. The 

brackets specify if the analysis concerns the full area (Full; 1000 x 1000 µm) or an inclusion area (Ca, 

Fe, Zr; 100 x 100 µm). The analytical uncertainty is 2-5 relative% for major elements and 5-20 relative% 

for minor and trace elements. 

Figure 1 – PIXE elemental mapping for Montgaillard MG-04 sample with a full 1 mm2 area (top) and 

a Ca selected 100 µm2 area (bottom). In full Ca area, the yellow square indicates the zoom selected area. 

* Selected raster on Ca map.  

Figure 2 – PIXE elemental mapping for Montgaillard MG-07 sample with a full 1 mm2 area (top) and 

a Ca selected 100 µm2 area (bottom). In full Ca area, the yellow square indicates the zoom selected area. 

* Selected raster on Ca map. 

Figure 3 – PIXE elemental mapping for Montsaunès MS-19 sample with a full 1 mm2 area (top) and a 

Zr selected 100 µm2 area (bottom). In full Zr area, the yellow square indicates the zoom selected area. 

* Selected raster on Zr map.  

Figure 4 – PIXE elemental mapping for Montsaunès MS-20 sample with a full 1 mm2 area (top) and a 

Zr selected 100 µm2 area (bottom). In full Zr area, the yellow square indicates the zoom selected area. 

* Selected raster on Zr map. 

Figure 5 – Diagram summarizing the main results. 
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 Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn As Sr Y Zr Pb Hf W 

MG-
04 
(Full) 

400 <LD 1700 454,000 640 <LD <LD 180 9300 50 <LD <LD <LD 570 <LD <LD <LD <LD <LD <LD <LD <LD <LD <LD 

MG-
04 
(Ca) 

810 4100 <LD 8600 <LD 380 <LD <LD 388,000 90 <LD 50 40 1100 90 20 20 <LD 2200 <LD <LD <LD <LD <LD 

MG-
04 
(Fe) 

2200 3600 5300 256,000 2400 1200 <LD <LD 2400 120 60 410 190 296,000 350 560 1500 140 70 <LD <LD 300 <LD 170 

MG-
07 
(Full) 

520 <LD 2100 458,000 760 <LD <LD 180 5200 50 <LD 20 <LD 680 <LD <LD <LD <LD <LD <LD <LD <LD <LD <LD 

MG-
07 
(Ca) 

<LD 3300 <LD 6600 <LD <LD <LD <LD 391,000 <LD <LD <LD 50 350 90 <LD <LD <LD 1500 <LD <LD <LD <LD <LD 

MS-
19 
(Full) 

330 <LD 2900 462,000 640 <LD 160 420 880 100 <LD 30 <LD 1400 9 8 <LD <LD <LD <LD 210 <LD <LD <LD 

MS-
19 
(Ca) 

4200 2000 1800 144,000 <LD 4200 6800 4700 261,000 1500 <LD 60 30 840 60 100 70 <LD 50 <LD <LD <LD <LD <LD 

MS-
19 
(Zr) 

270 220 1900 368,000 430 <LD 130 330 370 <LD <LD 50 <LD 1100 20 20 <LD <LD <LD 340 157,000 <LD 4000 50 
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 Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn As Sr Y Zr Pb Hf W 

MS-
20 
(Full) 

300 <LD 2000 461,000 470 <LD <LD 350 2400 50 <LD 30 <LD 960 <LD <LD <LD <LD <LD <LD 60 <LD <LD <LD 

MS-
20 
(Ca) 

<LD 620 1700 339,000 <LD 260 150 260 107,000 120 <LD 20 10 500 <LD 10 <LD <LD <LD <LD <LD <LD <LD <LD 

MS-
20 
(Zr) 

360 <LD 1800 393,000 280 <LD <LD 370 1800 50 <LD 20 <LD 1900 20 <LD <LD 40 <LD 1200 89,000 <LD 2200 80 
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