N

N

PIXE analyses over a long period: The case of Neolithic
variscite jewels from Western Europe (5th-3th
millennium BC)

Guirec Querré, Thomas Calligaro, Salvador Dominguez-Bella, Serge Cassen

» To cite this version:

Guirec Querré, Thomas Calligaro, Salvador Dominguez-Bella, Serge Cassen. PIXE analyses over a
long period: The case of Neolithic variscite jewels from Western Europe (5th-3th millennium BC): The
case of Neolithic variscite jewels from Western Europe (5th-3th millennium BC). Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 2014, 318
(Part A), pp.149-156. 10.1016/j.nimb.2013.07.033 . hal-00932616

HAL Id: hal-00932616
https://univ-rennes.hal.science/hal-00932616

Submitted on 17 Jan 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-rennes.hal.science/hal-00932616
https://hal.archives-ouvertes.fr

PIXE analyses over a long period: the case of leolvariscite jewels from Western Europe
(5"-3" millennium BC).

G. Querr@L T. calligar®, S. Dominguez-Belfa S. Casséh

9 aboratoire Archéosciences, UMR 6566 CReAAH, Umsitérde Rennes 1. Rennes -
France. guirec.querre@univ-rennesl.fr

bCentre de recherche et de restauration des muséasudgce. Palais du Louvre - Paris -
France.

C UGEA-PHAM, Departamento de Ciencias de la Tiethaiversidad de Cadiz - Spain.
d_aboratoire de recherches archéologiques, UMR @&®6AAH. Nantes - France.

Abstract

PIXE analysis of archeological variscite beads pendants from the Neolithic period that
were excavated in Spain, Portugal and France amdriscite geological references samples
from European occurrences were carried out fron®182013 in order to trace back the
circulation of this precious gemstone over threkemnia. Transformations of the AGLAE
external beam system and progress in spectrumgsiocehave induced some apparent
compositional variation, affecting in particulaethhosphorus/aluminum ratio. This long term
evolution has been taken into account with the bélpeostandards to build a large and
coherent geochemical database of minor and traceeglts in variscite. This database
allowed us to determine the provenance of the raerial and thus of the circulation of the
jewels.
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Introduction

The provenance and the circulation of variscitgrexious stone resembling turquoise with
AIPQO,4.2H,0 formula with iron traces - that was employeddoraments of Early Neolithic to
Chalcolithic periods (8- 3¢ millennium BC) in Western Europe represent a main
archeological issue (fig.1). On one hand, many iBretic occupations with variscite artifacts
have been excavated, and on the other severalrences of this mineral have been located
(fig.2). The question of the provenance of the aotbgical variscite has motivated two
research programs in Spain and France that werertakén simultaneously and
independently in the 1990. The first results olgdinsing LA-ICP-MS and PIXE showed that
the variscite of the studied artifacts from Westérance Neolithic graves were mined from
Iberian deposits [1,2]. However, it was necessamgxtend this work to a larger number of
archeological artifacts and geological referenegspdes to confirm this hypothesis and to
establish on statistically significant grounds ¢higiin of each bead and pendant from all
archeological sites [3]. It was decided to furtaealyze samples from France and Spain using
the transnational access to the AGLAE facilitylod C2RMF because of its high analytical
performance, central location and secure enviromfioenhe investigation of these precious
artefacts.
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The delays required to organize the transporttifbats from museums and archaeological
deposits in Spain, Portugal, United Kingdom andchEeato the C2RMF, to complete field
missions in Western Europe variscite deposits liectogeological references from Spain,
Portugal, France, Italy, England, and lastly tautady apply to the "Call for Proposals" for
the transnational access to the AGLAE facility explthe long duration of this program.
Overall, 1720 analyses of major, minor and traeenehnts in variscite and in geostandards
were carried out in thirteen runs from one to fdays each distributed over 13 years, from
1999 to 2013. During this period, almost all Ndottjewels from France and a large number
of archeological artifacts from Iberian Peninsukrevanalyzed by PIXE. Variscite reference
samples from all know ancient mines and from oteiogical outcrops identified in
Western Europe were also analyzed.

Experimental

During that period, the AGLAE external beam linelarwent experimental and spectrum
processing improvements and consequently, the megstonditions has evolve over time
[4, 5]. Some parameters have been kept constantt,asuthe proton beam energy (3 MeV)
and intensity (about 2 nA to avoid any beam-indutacehage), the geometry (low and high
energy detectors placed 45° relative to the beds),dke filters used (a helium flux of 1-2
I/min, permanent magnets to deflect backscatteagticfes away from the low energy
detector, 50-um thick aluminum absorber for thénlegergy detector). The mean analysis
time per sample was about 4 minutes and 24 chemliealents were quantified: Na, Mg, Al,
Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Gn, Ga, As, Rb, Sr, Y, Zr, Nb, U. A 5-nfm
pellet of the international geostandard Diorite NR6] was analyzed at the beginning and
the end of each run, and regularly within the segaeln addition, from 2004 onwards, a
variscite archaeological bead (MeH40) coming frbm archaeological site of Mane-er-
Hroeck, Locmariaquer (Morbihan, France) was prowohtbea standard status and was
systemically analyzed. The beads and pendantsdiely submitted to the beam without
preparation apart from cleaning with alcohol. Oa ¢ither hand, some experimental
parameters have evolved during the period [4, B¢ Fi(Li) detectors were replaced
subsequently to failures or improvements: the figki) detectors employed were from
Kevex, the crystals of which were later replaceabgs from Gresham. Eventually the Si(Li)
detectors were replaced by SDD detectors. All detedeatured different crystals
specifications: thickness and active surface, wiveltechnology (1-2 um carbon absorber to
block light in front of the SuperQuantum and MOXTHEKN entrance windows) and finally
an ice layer buildup in front of the detector caysDuring the 1999-2005 period, the
measuring strategy was to carry out single spdiyses (100-um diameter) which was later
changed to scanned area (20 um, 500x500um arbajtéw reflect the concentration of such
heterogeneous samples. The spectrum treatmerggstraas to process the low energy
spectra with GUPIX in iterative mode with a fixedvAlue, forcing the concentration of main
elements in oxide form to sum up to 100%. The walue determined in this step was
subsequently used to calibrate the trace elementeatrations from the high energy spectra.
The filters thickness parameters were continuoadjysted. During the period of 13 years,
the GUPIX program was upgraded several times (lbéd$-based GUPIX to GUPIXWIN v
2.3) using incompatible parameter and data filen&is.

Results and discussion

Reproducibility and reliability



Two main conclusions were deduced from the evatubibconcentrations for major and
minor elements obtained on 151 DR-N analyses ({fid:8st, concentrations variations were
more important before 2005 for most elements: Ng, M, Si, K, Ca and Fe. These
variations are explained by the fact that the extielbeam is fixed and the grain size of the
powder too coarse compared to the beam diametqrif86pot size). Indeed diorite is a
multi-phased rock containing quartz, plagioclagiglafeldspar, micas and minors minerals.
After 2005, the grain effect was removed by scagiie pellet under the beam; the results
obtained were then more representative of the geeramposition and the reproducibility
was thus improved. Whereas this problem of hetereigeexists for DR-N powder pellet, it
is not the case for variscite samples. Indeed nim®ral occurs in homogeneous nodules or
veins in micro- or cryptocrystalline form, with saficronic crystal grains much smaller than
the beam size. The size of the scanned varis@tewaas 0.5x0.5mm. Note that the scanning
was obtained exclusively by a mechanic displacemttite sample before 2012 and after, by
a combination of vertical magnetic beam deflecaod mechanic translation [5].

Overall, the PIXE concentration of major and miataments obtained on the DR-N pellet
varied within 5% from the recommended values. Natuariscite should exhibit a variable
composition as it result from a solid solution af variscite [AIPQ.2H,0] and strengite
[FePQ.2H,0] end-members according to Al and Fe substitutiStsichiometry of pure
variscite is AjO3=41.8% and f0s=58.2% on anhydrous base and mass atomic P/Alahtio
1.148. The substitution of Al atoms by Fe atomsig®s$ an increase of P/Al ratio. Variscite
also incorporates transition elements like Cr, ¥,alkd its green color is generally ascribed to
the presence of Ct* [7]. Note that important elements like P or CraMi As are not present
in the DR-N standard and thus cannot be checked.

Let us first comment the major elements in thesgte, i.e. Al and P. When the P/Al ratio for
all variscite samples is plotted as function ofdi(fig.4), a variation between 1.1 and 1.5 is
observed despite that the DR-N data from the saime present a good reproducibility and
reliability. In particular, three marked sequenckanalyses can be noted, corresponding to
the use of different detectors. This variationrisbably related to the detection efficiency for
P, because variscite is mainly composed P and Aldapendent way §©s+Al,03=100%) so
that a small variation of s will induce de facto a variation of AJO3 that will be amplified

in the P/Al ratio. Two hypotheses can be proposeskplain this long-term variation: first, an
instrumental effect like a change of in the lowrgyaedetector efficiency for P and/or Al (e.g.
ice layer buildup or variable carbon filter thiclesg Second, this effect could also derive
from the spectrum processing using GUPIX, moreipedg by selection of inadequate
parameters in the detector description (e.g. deget thickness of Si(Li) detector, tailings).
For example, a 1-um dead layer of would reducelétector efficiency for P by 20%, which
would be left unnoticed in the DR-N composition.

This effect is well illustrated in table 1 whereafyses of the variscite bead standard (MeH40)
during three periods extending over 9 years arerte@. Compared to period 1, in period 2
we note a 1.4% decrease gOp and in period 3 a further 3% decrease that indince
apparent increase of Az, while FeOsconcentration is stable. The corresponding P/Abrat
decreases from 1.321 to 1.242 and finally to 1.1f46.the final campaign the strengite
molecule is discarded (1.83% ofJBg), the P/Al ratio closely approaches the valuepiane
variscite (P/Al=1.148). Note that this run was tingt performed using SDD detectors (no
dead layer) and GUPIXWIN with parameters adjusteddcordingly [5].

As for the trace element concentrations, the ianatare less pronounced than for major
elements, as is shown in figure 5 which depictseti@ution of Cr, V, Fe and Ga in the
MeH40 variscite bead for over 9 years. This caeXgained by the fact that the Fe pivot
element value extracted from the major elementtsymcused to normalize the trace element



concentrations is less affected. The geochemid¢abdae based on the PIXE analyses of
archeological and geological variscite over a gbabl13 years appears to be coherent. All
elements except P and Al, the two major elementap$cite, can be used to compare
composition of the gemstone for provenance purposes

Geographical references

Variscite is a rare mineral in Western Europe dredptotential sources available to Neolithic
people are limited (fig. 2). Three ancient explibatas are known, all located in Spain: Gava -
Can Tintorer Neolithic mines (Gava, Barcelona),ciBasola - Pico Centeno mines
(Encinasola, Huelva) and Palazuelo de las Cuevas/&ante de la Cabeza-El Bostal
(Aliste, Zamora). All reference samples of thegedrancient exploitations were collected in
archaeological mining waste. Their chemical conpmsiobtained by PIXE is probably very
similar to the rocks used in the Neolithic to m@kelery. A single occurrence is known in
France, Pannecé (Loire-Atlantique), discovereddinQlin La Floquerie quarry that do not
show any trace of ancient mining. Other occurremsigght exist but were probably not
exploited either because the deposit was too poweatiscite or yielded nodules too small to
produce jewelry: Ervedosa, Deilao and Guadramia¢fdnca, Portugal), Sarrabus (Cagliari,
Italy).

It is worth noting that several geological sam@eslied proved to be made not of variscite
but of turquoise Cui(POy)4(OH)s- 4H,O: Punta Corveiro (Pontevedra, Spain), Montebras
(Soumans, France), St Austell (Cornwall, Englaf@erall, 194 PIXE analyses were
performed on variscite and on a few strengite oquaise samples from 14 localities.

In general, the composition for minor and tracengets in variscite samples from a particular
deposit exhibit a correlated spread of values. pheEnomenon is well known in geology by
which specific petrogenetic processes in rocksaediuring their formation characteristic
geochemical trends that can be used as proveniaugezdrints.

The ternary diagram representing chromium, vanadiachiron concentrations illustrates
such fingerprints. In figure 6 is represented thkigs measured in several samples from the
three Spanish variscite mines and from the Panmeckern quarry (Brittany, Franc@)he
deposits from North-West Spain which comprise Radéas de las Cuevas and SanVincente
de la Cabeza sources is characterized by a veyy &ard correlated range of Cr and Fe
concentrations whereas V appears always in lowergnations, leading the Cr/V ratio lying
between 1.6 and 8. The variscite samples from Esola exhibit large range with important
Fe concentrations and a large spread of Cr anduésawith the Cr/V ratio ranging between
1.6to 0.2.

Contrary to the two previous mines, the varisaiterf Can Tintorer at Gava and from
Pannecé in Brittany (France) present an homogermouposition that explains the strong
regrouping of their points in the Cr-V-Fe diagra@mnversely, Gava samples appear almost
completely deprived in Cr and V and proportion&iyiched in Fe. The Pannecé deposit
yields variscite samples richest in vanadium amdniost depleted in chromium and iron with
a Fe/Cr ratio equal to 1.

On the base of three minor and trace elementd/ @nd Fe, we could confirm that each
deposit present geochemical characteristics inetuldirge variation of concentrations. Other
features of trace element not discussed here, @tlaw to further differentiate variscite
sources: for example, high concentrations of Cafmtbr Gava samples, low Ga, high Zn
concentrations for Deilao, Ervedosa and Sarrabdsayh U level in El Bostal variscite.



Examples of provenance of archaeological artifacts

PIXE analyses were carried out on 851 beads orgmeadrom 39 archaeological sites.
Archaeological sites are characterized by theili@ation and their dating and many variscite
beads and pendants were discovered during theavakon. Their provenance could be
inferred by comparison with the reference datalohsained on reference samples. We
present here three examples highlighting the use$sl of th Cr, V and Fe fingerprints
discussed previously.

The first example deals with the dolmen KerviloriMaBras (La Trinité-sur-Mer, Brittany,
Western France), a grave dated 4300-4000 BC of BEoncouloir” type located in the
Carnac region, rich in megaliths [8]. A selectidrtth beads and pendants from this
monument has been analyzed. The Cr, V and Fe ctvatiens show a large spread and
overlap in the Cr-V-Fe ternary diagram, the repmnéstése points being dispersed along a line
from iron pole to the centre of the triangle (fig)7The Cr/V ratios vary from 0.2 to 1.6 and
Fe reaches up to half of the sum of the three elesn&his pattern matches the fingerprint of
Encinasola deposit and never corresponds to thedeardeposit (fig.6). Artefacts found in
the grave of Kervilor probably come from the Ensiola prehistoric mine located in South
Spain, more than 1000 km away and unexpectedlfrowt the Pannecé deposit located 100
km from the site (fig. 8).

The second archaeological example is the Chaloolittcupation of Leceia (Oeiras,
Portugal), a fortified village located on the Taggtuary, West of Lisbon. People occupied
this site during a long period corresponding tolibginning of cupper metallurgy in Portugal,
but variscite jewels are dating from the Chalcddithitial period 2800 BC [9].

The Fe and Cr concentrations of the varisciteatsf show a large range whereas the V
levels are always very low (fig.7b). The line drainrihe Cr-V-Fe diagram appears to be very
similar to that of variscite samples from Palazt@ém Vicente mines (fig.6). The jewels from
Leceia probably come from these deposits locatedtadD0 km to the North and surprisingly
not from the Encinasola mine, distant only 200 knthie East direction (fig. 8).

The third example deals with the site of Villeneth@osane/Cugnaux (France) near
Toulouse, South of France dated 4,500-3,500 BC [0l characteristic Neolithic village
was occupied by the first farmers of the “cultun@agsséenne” and provided numerous
remains, among which variscite beads. Their contiposi showed a high compositional
homogeneity: all the representative points are geduwat the Fe pole and don’t show any
measurable Cr or V content (fig.7c). This typiaagerprint matches that of variscite from
Can Tintorer mine at Gava. The source of varigeitels is the nearest to the village, being
accessible by a 100-km trip to in the north (fiy. 8

These examples confirm that the determination ofomand trace element concentrations in
variscite are useful for the determination of thevenance of the archaeological variscite
jewels. The results obtained here contradict tmelosions of Odriozola and co-workers who
analysed variscite samples from Encinasola (Pictél® mines) and isolated archaeological
beads from south Iberian Peninsula using p-XRHtigete [11]. On one hand these authors
concluded that the strongly scattered minor antktedements composition measured within
the deposit prevent deducing any information altieeit origin. On the other hand, they claim
that the P/Al atomic ratio might reflect the panaggs of the mineral and could constitute a
fingerprint. The P/Al ratio reported in their woflR/Al=1.7) is questionable as it is much
higher to what we have observed for years in hudsdoé samples. In addition, such a high
excess of P is hardly conceivable in a properlgtatlised variscite as it can be seen in XRD
and in thin section under polarizing light microgeoOn the other hand, our PIXE analyses
of samples from the same mines@=56% ALO3; =40 %) agree with theoretical



composition and with most published analyses afgde from Encinasola.
Conclusions

The constitution of a long-term geochemical datehasng PIXE is a real challenge. Because
of instrumental changes among years (often rekat@dprovement in detectors and in
measurement strategies) and of the constant pgresrefinement in spectrum progressing
(new program releases, changes of format and ps&eesheata collected over a long period
might exhibit virtual variations. The choice of gdate reference targets and application of
systematic quality control are essential to reacipgr reproducibility and the reliability. It is
under these conditions that the intrinsic qualitiEthe PIXE technique can be reached,
namely accuracy for determination of major constitis and high sensitivity for the
measurement of trace element. These qualitiesheamlite the strongest assets of the use of
PIXE in archaeological studies, like in the presaade the determination of the circulation of
a variscite from precious ornaments of the Nedaitnd Chalcolitic periods in Western
Europe.

Acknowledgements

We are indebted to MM. J. Bosch, Gava Museum (§paib. Cardosa, Lisbon University
(Portugal), M.-P. Dabard, Rennes University (Franee B. Lasnier, Nantes University
(France), C. Le Pennec, Vannes Museum (Franc€gqlier, Toulouse University (France),
E. Vigier, Carnac Museum (France) for the kind lodgeological samples and for providing
the opportunity to investigate the archaeologictdfacts.

We acknowledge the support of November 2010 measmecampaign by the European
program Charisma: project CALLAIS.

S. Dominguez-Bella acknowledges the financial suppicthe project HAR2008-06477-C03-
02, PGE program of the Spanish Ministry of Scieaeé Innovation in the sampling and
studies on Iberian variscite.

References

[1] Dominguez-Bella SSlovak Geological Magazine. 1-2. (2004) 151-158.

[2] Querré G., F. Herbault, T. Calligaro, X-ray $pemetry. 37. 2 (2007) 116-120.

[3] Querré G., S. Dominguez-Bella, S. Cassen. Gitimns a longues distances de matériaux
emblématiques. in: G. Marchand. G. Querré. Roch8s@étés de la Préhistoire. PUR.
Rennes. 2012. pp. 307-315.

[4] Calligaro T., J.-C. Dran, J.-P. Poirot, G. Qéerd. Salomon, J.C. Zwaan. Nucl. Inst. and
Meth. B. 161/163 (2000) 769-774.

[5] Pichon L., C. Pacheco, B. Moignard, Q. LemassBh. Walter. Nucl. Inst. and Meth. B
(2013) this issue.

[6] Govindaraju K. and I. Roelandts, Geostandardw/dletter. 13: (1989) 5-67.

[7] Calas G., L. Galoisy. A. Kiratisin. American Maralogist. 90. 5-6 (2005) 984-990.

[8] Davy de Cussé L., L. Galles. Bulletin de la Bt& Polymathique du Morbihan. 1866.

[9] Cardoso J.L., Leiceia 1983-1993. EscavacOgsadomado fortificado pré-historico.
Estudos Archeologicos de Oeiras. 1994.

[10] Vaquer J., M. Gandelin. Y.Tchérémissinoff. Dfs néolithiques en Toulousain. Ed.
Archives d’Ecologie Préhistorique. Toulouse. 2008.



[11] Odriozola C. P., J.A. Linares-Catela b. V. téalo-Pérez. Journal of Archaeological
Science 37 (2010) 3146-3157.

Table captions

Table 1. Evolution of Al, P and Fe and P/Al ratieeo9 years obtained using PIXE of the
same archaeological variscite bead (MeH40) (n: rermobanalyses, X: mean value and

standard deviation).

Table
Analysis period n A, P,Os FeOs Total P/Al
period 1 8 X 36.64 | 58.67 1.83 98.37 1321
Jul 2004 - Jul 2005 6 0.13 0.20 0.11 0.07 )
period 2 9 X 38.40 | 57.82 1.85 98.07 1242
Oct 2008 - Jan 2009 6 0.19 0.25 0.16 0.14 )
period 3 X 39.29 56.05 1.81 98.39
Jul 2013 5 6 0.24 0.21 0.09 0.05 1.176
pure variscite 41.800 58.20 0.0d 100/00 1.148

Figure captions

Figure 1. Beads and pendants made of variscite Keolithic graves of Brittany: Tumulus St
Michel (Carnac, France) and Tumiac (Arzon, France).
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plotted in a ternary diagram V-Cr-Fe, showing mdrlldferent composition ranges (empty
squares: Encinasola - full diamonds: Palazuel@g€luevas + San Vicente de la Cabeza -
full circles: Gava - stars: Panneceé).
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Figure 7. Ternary diagram V-Cr-Fe for 3 differgnbups of variscite jewels. (a) Dolmen
from Kervilor, La Trinité-sur-Mer (Brittany -Frang¢b) Chalcolithic occupation of Leceia,
Oeiras (Lisbon-Portugal) (c) Neolithic village ofineuve-Tolosane (Languedoc, France).
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