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Report:

A multi-disciplinary project was started to undarsd the formation of different calcium carbonafeety
in the decorated cave of Arcy-sur-Cure in ordegvaluate its role on prehistoric paintings. In poeg work,
about forty natural samples at different locatiomghe cave were studied using mainly laboratorseia
analytical methods and classical microbial as wasllbiomolecular analyses to characterise the claémic
composition, structure and an eventually biologicagin of these samples [1]. Different microstuurets
could be evidenced in the calcites sampled in tee.cThese features are induced by varying growth
mechanisms that can be completely abiotic but alsmw biotic contributions. Indeed, bacteria coutd b
isolated from the natural calcite samples indigatin important microbiological activity. The dividysof the
bacteria was already evidenced thanks to effectiigzobiological method. However, their possibleerat
the calcite growth mechanisms needs to be eluddatambiguously. In addition, calcite interactiorthw
compounds of iron oxide bearing paint layers ofghehistoric rock art was evaluated. However, anldasis
of the natural calcites available in the cave uldonot be investigated if other pigments usedrémk art
show the same behaviour [2].

During this beamtime, synthetic calcites preparsthgi varying abiotic and biotic conditions were
studied. They were synthesised in solution in bioti abiotic condition with various cations or withrying
CO, pressure. It is expected that the comparison efdaracteristics of natural calcites with those of
synthetic ones (especially those prepared in bivigdia) gives additional insights into the cal@gtewth
mechanisms and especially into the role of micranigms in this phenomenon.

Synthetic and natural samples were analysed by snemicro-XRF at 4.15 keV (Ca K-edge). The
microbeam was focused thanks to a zone plate #>00B75um? The first objective was to map Ca and P
distribution in the biotic synthetic samples witlg@od spatial resolution. And the second aim wasctjuire
Ca K-edge XANES spectra on the series of synthaatt natural samples in order to confirm the mineral
phase, to detect structural information and tor@isoate phosphate and carbonate phases in batipkes.



Ca K-edge micro-XANES spectra were collected unuigh resolution conditions in energy (~ 0.5 eV)
between 4.00 and 4.15 keV. The XANES spectra wegeieed in fluorescence mode thanks to a SDD and in
transmission with a photodiode.

Results on natural samples from the “Grande Grottedf Arcy-sur-Cure

Micro-XANES on different layers of the stalactitecion NC#05 shows that similar spectrum features
are observed for white opaque layers at the insikat the outside of the section with respechéopaint
layer. Their shape can be clearly distinguishednfthe XANES feature of the translucent calcite taye
inside and outside compared to the paint layeg.2b. A variation in intensity is observed in the fine
structure of the white line (4.051 — 4.055 keVtlué XANES feature. Even in the clay- and pigmerdrie
layers visible on the micrographri¢.2g, the contribution of calcite can be observedisltpossible to
distinguish the calcite associated with the clayjlar to the translucent one and the calcite assed with
the pigment, similar to the opaque one. This figdionfirms the presence of two layers trapped éncticite
layers of NC#05: one containing mainly iron oxidwlanother that principally bears clay. Howevesgigms
that XANES intensity variations (particularly fdre white line) observed on opaque and transluegets of
NC#05 are not found on the corresponding powdeaetptes. Information on crystal orientation is lastd
crystal size might be changed by powder samplird) @neparation. Therefore, effects of crystal siaed
orientation that seems to be reflected in the XAN&ESicture of thin sections are lost when analysing
powders.
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Figure 2. a) Cross section of the stalactite (NC#@intaining a prehistoric painting layer observeyl
binocular. b) Ca K-edge XANES spectra acquirednencross section in fluorescence mode. c) Ca K-edge
XANES spectra acquired on powder samples comimg fine cave.

Results on biotic samples

About twenty biotic calcites (BC#1-20) were syniked using the bacteriBacillus sp.(B50) and
Pseudomonas fluoresce(B51), isolated from natural calcites taken frdra tave and then cultivated in two
media (Nutrical N and modified Nutrical N’). For@amedium, solutions were sampled at time zejo (t
without bacteria, ¢t with bacteria, after 2, 10, 22 and 30 days of nation at 22°C. The entire samples
(biomass and organic and mineral residual) werdrifeged, rinsed with distilled water and then driA
part of the samples was heated at 500°C during 3#iminate the organic residuals. A first XRD gs&
evidenced that calcite and another mineral phagaroRyapatite, a calcium phosphate, is systemétical
formed in all biotic samples next to calcite.

Forteen of these biotic samples were observed reithgoowder, in pellet or after an microtome
preparation (2Qum of thickness) to get transmission data. For esghple, the systematic presence of P
associated with Ca was confirmed by mapping Sge3g and the presence of a mixture of phosphate and
carbonate phases was evidended.Bb). No presence of pure calcite grain was detedtetdmicro-XANES
spectrum presents a mixture of calcite and HAP hVditpeak at 4.060 keV, the XANES shape is near the
calcite structure and the presence of a pre-edgieouti doublet is more specific of the HAP structure
(Fig.3b. For example, micro-XANES features measured a@tifip points on the map~{g.39 indicate a



mixture calcite-HAP confirmed by deconvolution edftion Fig.3b). The quantity of calcite is estimated
around 50 % for two points and a major phase of H#9®0) is detected in another point, consistent wie
high P concentration. For the bigger grain obseiwvethis sample (point 1) the calcite/HAP ratio @%o
calcite) seems to be underestimated. Indeed, tedcrdated spectrumF{g.39 doesn't fit well with the
experimental data. This difference seems to indita presence of another compound, not consideted
calculation. It is necessary to test contributioh®ther phosphates, calcium carbonate or mixecpiate-
carbonates references to improve the agreemenixmérienental and calculated data. XRD analysis is
necessary to determine the structural informattmuathis compound.

XANES spectra realized on the both bacteria shaavaisence of calcite and the presence of a pure
calcium phosphate (@RQ,), which could provide from the phospholipids inetlbacteria, the main
constituents of the bacteria membrane. The compi@neanalysis by micro-XRD on ID18F could provide
more information about the crystallinity of thisnaponent.
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Figure 5. Biotic calcite BC#09 (prepared in Nutricaedium from Bacillus sp. during 30 days, withioeiat-
treatment): a) Mapping at 4.1 keV (pixel size: 965 urf) and location of various points for XANES , b)
Ca K-edge micro-XANES spectra on different poifith® mapping (in transmission mode, beam size:
0.34 x 0.75m7), c) Comparison between reference Ca K-edge XAMESIcite, hydroxyapatite (HAP)
andmicro-XANES on the point 1 and recalculated spectrum finear deconvolution calculation (in
transmission mode).

To conclude, these investigations of biotic cafievidenced the calcifying properties of the baater
Bacillus sp andPseudomonafiuorescenssolated from natural calcite samples originatirayf the “Grande
Grotte” of Arcy-sur-Cure. However, the culture cdimhs used did not exactly correspond to thathef t
cave. Therefore, conclusions on the role of baxtarthe growth of natural calcite are difficultdeaw. The
origin of the hydroxyapatite phase and its rolethe formation of calcite has still to be clarifiedhe
understanding of the exact formation mechanism haf biotic calcite and apatite would be of great
importance because it would allow defining a markdyiologically formed calcites.

A part of these results was presented during therriational conferences Technart 2007 at Lisboa
(Portugal) in April (25-27) and in a publicationbsuitted to the proceeding of this conference thidit e
published in X-ray Spectrometry [3]. In additiometresults will be presented at the French conéeren
“Sciences des Matériaux du Patrimoine Culturel”’Dacember 2007 in Paris organized by the French
Ministry of Culture on the financed PNRC projeciBogether with the conference, there will be a
publication in TECHNE.
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