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proportion dans l'échantill on. A insi, le carbone li é à l' événement de réali sation de la peinture 

a été trouvé dans les peintures noires sous la forme de noirs de carbone et de suie. Des 

peintures faites de charbon de bois ont été identifiées, mais seul un âge maximum peut être 

obtenu pour ces peintures. Les autres composés contenant du carbone comme les oxalates de 

calcium, les carbonates de calcium et les acides humiques, qui sont considérés comme des 

contaminants pour la datation par le radiocarbone, ont été localisés dans l'échantill on et leur 

proportion estimée. Suite à ces résultats, le prétraitement chimique a été ajusté pour éliminer 

ces contaminants pour la datation par le radiocarbone, et pour conserver autant d'échantill on 

que possib le pour la datation. Une analyse FTIR est effectuée à la fin du prétraitement 

chimique pour vérifier l' absence de ces contaminants. Le prétraitement chimique étant 

précisément ajusté, il est devenu moins invasive et de plus petits échantillons peuvent être 

utili sés (2 cm2). Ainsi, en combinant les résultats du protocole de caractérisation, les 

échantill ons qui sont les plus susceptibles de fournir une date et la quantité d'échantillon 

nécessaire pour y parvenir sont proposés aux archéologues. Une di scussion autour de la 

coll ecte de ces échantill ons est ainsi possible dans le but d'obtenir d'une date et de préserver 

l'in tégrité des peintures rupestres. 

Si des quartz et des feldspaths sont présents dans la roche suppo11 des peintures et si la 

couche de peinture est assez épaisse pour avoir protégé la roche de la lumière du jour, la 

datation par OSL pourrait être appli quée. L'omniprésence de qua11z et de feldspaths sur Terre 

fait de 1 'OSL, une bonne alternative pour fournir une datation absolue en archéologie quand 

la datation par le radiocarbone ou d'autres techniques ne sont pas appli cables. Toutefois, le 

quartz des roches étudiées dans ce proj et soit ne convenait pas pour la datation OSL (pas de 

signal), soit étaient trop peu nombreux dans la roche support. D'autre pa11, les feldspaths 

potassiques (K-feldspaths) présentent un transfert thermique d'environ 1 Gy, ce qui 

compromet toute datation d'échantill ons jeunes, une contrainte dans le cas des sites étudiés 

car il s datent pour la plupart de 100 à 3000 cal. BP (d'après les âges obtenus par le 

radiocarbone). L'utili sation d'une séquence SAR modifiée par l'ajout d'une étape de mise à 

zéro, soit par expositi on à une lumière a11ifi ciell e, soit par thermal wash, après chaque 

mesure de Ln-Lx et de Tn-Tx, s'est avérée appropriée pour permettre une datation par OSL 

malgré les contraintes imposées par le transfert thermique. Une hypothèse de travail ori ginale 
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a été utili sée : en postulant que la paroi rocheuse d'un abri -sous-roche ait été remise à zéro 

avant l'application de la couche de peinture, cette derni ère lui fournit une protection contre la 

lumière du jour et le signal OSL commence à s ' accumuler. Si les K-feldspaths à la surface de 

la roche ont été en effet remis à zéro, la couche de peinture ne fournit qu'une protection 

partielle contre la lumi ère du jour, ga rdant seulement 5 à 10 % du s ignal. Ce qui est peu. 

Néanmoins, seuls les sols rouges, sous la forme de couches de peinture de 20 à 100 J..lm 

d'épaisseur, correspondant à la recette rencontrée sur les sites étudiés, ont été testés. D'autres 

essais avec différentes peintures et épaisseurs devraient être réali sées pour donner une 

conclusion définitive sur la poss ibilité de dater l'art rupestre en utili sant cette technique. 

Enfin quand ni la datation par le radiocarbone, ni la datation par OSL ne peuvent être 

appliquées, des informations sur la réali sation du site peuvent être obtenues en utili sant la 

caractéri sation détai llée fournie par le protocole multi-instrumental. En effet, il a été prouvé 

en comparant les recettes de peinture et leur âge, que, sur un même panneau ou couche de 

superposition, des recettes de peinture identiques ont été utili sées. Par conséquent, si des 

recettes de peinture différentes ont été utili sées sur un même panneau/couche de 

superposition pour réali ser la même couleur, on peut en déduire que les figures n'ont pas été 

réa li sées en même temps. En outre, suivants les détail s fournis par les archéologues, une 

hypothèse peut être faite: chaque recette pourrait être li ée à une popu lation. Ainsi , des 

informations clés au sujet de la réalisation des sites rupestres peuvent être fournies, 

contribuant à leur interprétation. 

Ce protocole a permis de découvrir que les chasseurs-cueilleurs d'Afrique australe créaient 

des peintures sur les murs des abris-sous-roche il y a aussi longtemps que 5723 à 4420 cal. 

BP dans le sud du Botswana, 2326 à 965 cal. BP dans l'ouest du Lesotho, et 2998 à 238 1 ca l. 

BP dans le di strict de Maclear, en Afrique du Sud. Ces dates sont les premières obtenues sur 

l'art rupestre San au Botswana et au Lesotho, et les 46 dates obtenues dans le cadre de ce 

doctorat constituent le plus grand projet de chronologie jusqu'ici réalisé sur l'art rupestre San. 

A côté de ces dates, une large palette de recettes de peinture a été identifiée. Parmi e ll es, des 

os calcinés pour les peintures blanches et de la suie pour les peintures noires ont été pour la 

première fois identifiées, et confirment les hypothèses formu lées par Rudner (1982). De plus, 

des mélanges intentionnels ont été identifiés. Ces résultats, couplés à l'ana lyse et à des essais 
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de préparation des so ls trouvés à prox imité des s ites rupestres, ont permis de reconstituer des 

parti es de la chaîne opérato ire des sites, qui est parti culi èrement constante à travers le temps 

et les rég ions d'Afrique australe étudi ées. Dans le Boucli er canadien, des dates n'ont pas pu 

être obtenues, mais la ca racté ri sati on préc ise des peintures menée sur le site Mikinak fournit 

pour la première fois une lumière nouvelle sur ce s ite . Init ia lement, il éta it vu comme ayant 

été réa li sé en une seule fo is sous la fo rm e d 'un seul panneau. M a is la présence de trois 

recettes de peinture diffé rentes, pouvant correspondre à trois phases de peinture, remet en 

question cette hypothèse. 

Les deux principaux objecti fs de cette thèse de doctorat ont été réa li sés en utili sant un 

protocole de caractéri sati on multi-instrumental permettant de sé lecti onner des échanti li ons 

so it pour la datati on par le rad iocarbone, so it pour la datation par OSL. De plus, ce protoco le 

fournit une alternati ve à la datation abso lue en fo urni ssant des informati ons clés à propos de 

la réa li sation des sites, en uti 1 isant une caractéri sa ti on dé ta i li ée des peintures. Le tro is ième 

obj ectif n'a pas été atte int ca r aucun matéri el da tabl e n ' a été trouvé sur les fig ures spéc ifiques 

que sont les fig ures d 'E idritch et les LJ-1-SDF. Cependant, en ca ractérisant toutes les peintures 

de ces fi g ures et en datant les fig ures du même panneau ou de la même couche de 

superpos iti on, il peut être poss ibl e d 'étendre les dates obtenues et a ins i de fournir une date 

abso lue. 

Les dates et les résul tats de ca ractéri sat ion obtenus dans cette thèse ouvrent la possi bilité de 

développer une approche chronolog ique bien établie pour appréhender la diversité et le 

changement au se in de l'art rupestre San. Le sens de l'a11 rupestre San étant bien connu et 

compri s, ces changements au cours du temps pourraient être interprétés en te rmes soc iaux. En 

outre, cette approche chronologique permet aux archéo logues de commencer à développer 

des li ens entre les activités des chasseurs-cueilleurs préservées dans la pe inture et ce ll es 

conservées dans des dépôts archéo logiques. 



APPENDIX A 

INSTRUMENT PRINCJP LES 

In this appendix, a brief description of the principles of the instruments used for 

characteri zation is given. 

A. l Scanning electron microscopy coupled with Energy-dispersive X-ray Spectrometry 
(SEM-EDS) 

The SEM uses an electron beam generated by a fi lament, usually made from tungsten. This 

beam is focused by electromagnetic lenses, and interacts with a microscopie part of the 

sample pl aced in the analysis chamber. 

When the electron bearn arrives on the sample, it interacts with atoms and electrons at the 

surface ofthe sample. Yari ous fonns of radiation and pm·ticles are then emitted by the sample 

(F igure A .1 ): secondary electrons which show the topography of the sample, backscattered 

electrons which give an image with chemical contrast, the X-rays wh ich are used for the 

qualitative and quantitative analyses. Cathodoluminescence and Auger electrons are also 

emitted but were not used for this project. 

The analys is cham ber in a conventional SEM, is under vacuum, approximately 1 o·6 rn bar 

(High Vacuum). This can cause charge effects which prevent formation and recording of a 

good image. To li mit these effects, it is possible to coat the sample with a layer of carbon, 

gold or other conductive metal. 

In sorne SEMs, it is possible to vary vacuum (SEM with variable pressure) in the analysis 

chamber and thus limit the charging of the sampl e, without the need for carbon or go ld 

coating. 
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Figure A.l 

Sample 

Electron bearn generated 
by the SEM-EDS 

Secondary 
electrons 

Interaction between electron beam and sample in SEM- EDS 

A.2 Raman spectroscopy 

Raman spectroscopy works using monochromatic lasers as exc itati on rays. When 

monochromat ic radiation is focussed on an object, severa! phenomena are observed: retlected 

light, transmitted light and di ffused light. This last phenomenon contains two parts: one 

radiation, call ed Rayleigh diffus ion, having the same wavelength as primat-y radiati on (v0) 

and a second radiation, ca lled Raman di ffusion, having a di fferent wavelength (vv;b) than the 

primary one (Figure A.2). 

Transmitted light 
(v.) ----

Rayleigh scattering (v,) 

Raman scattering (v~) 

Reflected light (v,) 

~Incident light (v0 ) 

Figu•·e A.2 Phenomena observed under a primary monochromie radiation 
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When energy is focussed on a sample, the e lectrons adopt an excited state. They need then to 

come back to their stable state. There are severa! scenari os for thi s (F ig ure A.3): 

-The e lectro n returns to its ori g ina l ene rgy state. This is Ray leigh scattering. ln thi s case, no 

information is obtained (v0). 

- The electron releases less energy than it absorbed, g iving ri se to a Stokes scattering effect 

(vo-Yvib). 

-The electron releases more energy than it absorbed . Th is is an anti-Stokes Raman d iffus ion 

(vo+Yvib)· 

E 

J Virtual e nergy levels 

v -v. 

V=2] 
or-J::.... ....... _.--If--...__ ....... _+-_V=1 Ground energy levels 

v, 
V=O 

._--~~~-----~~--

Raman Stokes diffusion 

Figure A.3 

Rayleigh Raman Anti-Stokes diffusion 
Vo+v.," 

Rayleigh and Raman diffusions 

Therefore, the diffus ion w hich the instrument detects has three components : the Ray leigh 

diffusion accounting for 99% of the s ignal , the anti-Stokes Raman diffus ion and the Stokes 

Raman diffusion, the fo rmer hav ing intensity lower the latter than. The Stokes Raman 

diffus ion is used for Raman spectroscopy analys is, a lthough its intens ity is ten million times 

weaker than that of incidental radiation. 

A.3 Fouri er Transform Infra Red (FTIR) spectroscopy 

FTIR spectroscopy is based on the absorption by molecular bonds of infrared wave lengths. 

They extend from 12 800 cm· 1 to 10 cm· 1 and are divided into three groups: near infrared, 
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middle infrared and far infrared . Conventional FTJR spectrometers use middle infrared 

wavelengths which extend from 4 000 cm- 1 to 400 cm- 1 (that is to say 2.5 J..Un to 25 J..Lm). 

When an infrared ray is focused on a molecule, the latter absorbs a part of it which 

corresponds to the types of bonds present. The absorpti on of the infra-red radiation can take 

place on ly if the wavelength corresponds to the energy associated with a particular mode of 

vibration of the molecule. Middle infrared wavelengths are the area in which the majority of 

the organic compounds produce a single absorption spectrum (Stuart, 2007). 

ln the FTIR spectrometer, infrared rays fol low two paths. One part goes to the sample and the 

other to a space with no sampl e to act as reference. Combining the two, it is possible to know 

which wavelengths were absorbed by the sample and with what intensity. This gives a 

quantitative feature to the ana lysis. 

Samples can be analysed in severa! modes: transmi ss ion, reflectance or Attenuated Total 

Refl ectance (A TR). Transmiss ion and A TR are the most commonly used modes. 

Transmission analysis requires a preparation of the sa mpl e as a pell et. Jt is reduced to powder 

and mixed with salts transparent to infrared such as KBr, NaCI or CIF2 . Samples can be 

sliced with a microtome to form films of about 1 OJ..Lm thickness which can th us be used 

directly in transmission. This preparation is more often used when analyses are carri ed out 

with a micro-FTJR. ln the case of ATR, sampl es are put on a diamond window and crushed 

with a "screw". Micro-A TRs ex ist as wei l, made with diamond or germanium and offer the 

possibil ity to point on an area of about 100 ~un2 without destruction. 1t is often used to 

analyse paintings and manuscripts. 



APPENDIX B 

ROCK SUPPORT CHARACTERlZATlON: SOUTH AFRICA, LESOTHO AND 
BOTSWANA 

In thi s appendix, characterization conducted on rock faces on which paintings were created is 

de ta i led step by step, fo llowing the same protocol as for paint characterization. To a void 

unnecessary repetitions of peaks observed during Raman spectroscopy and FTIR 

spectroscopy ana lyses, on ly the name of the compounds identified are g iven. Peaks 

associated can be found in Table 3. 1 and 3.2 in Chapte r JIJ. Where unconventio nal peaks are 

fou nd or where a detailed explanation of the pos ition of peaks is required, furt her 

developments w ill be provided. 

8.1 Rock support characterization, Maclear District, South Africa 

8.1 . 1 Microscope 

At its surface, the rock face exhib its a white layer which covers a rock composed of white, 

transparent, and ye llow grains (Figure 8 .1 a). Few darker gra ins (red or black) are vis ible at 

the surface, mixed in the white layer. They may be part of the weathering of the rock, or 

aeroso l particles. 

The observations of the rock in cross-section show the presence of grains of a l most the same 

size (about 100 !lm) comprised in a ye llow matrix (Figure B.l b). Under direct reflected ligh t, 

a few grains are very bright. 
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Figure B.l Microscope observation on Maclear rock: a) surface, b) cross-section 

8.1 .2 SEM-EDS 

At its surface, the rock contains grains of diffe rent s izes (from 1 to 20 ~m diameter) and of 

different shapes: round , long, polygon. Most of these gra ins are composed of si li con and 

a luminium. The smallest are composed of ca lc ium and may be ca lci um oxalates or calci um 

carbonates. Sodium, magnesium , potass ium and iron were recorded as mi nor elements. 

1 n cross-section, the rock is composed of sm a li gra ins abo ut 100 ~m diameter su ch as 

previously observed under microscope. They are composed of s ilicon for about 50% of them, 

and s ilicon, a luminium, potass ium or sodium for the other 50%. The former are identified as 

quartz, whereas the latter are potassium and alkali-fe ldspars. The matrix is composed of 

ca lcium. 

8.1.3 Raman spectroscopy 

At its su rface, the rock is composed of ca lcite. They are doubtless correlated with the tine 

round grains composed of calc ium recorded with SEM-EDS. 

ln cross-section, quartz and albite were recorded. K-feldspars appear with albite on some 

spectra indi cating the possible presence ofperth ites. 
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B.l.4 FTIR spectroscopy 

Peaks of qua1tz mixed with fe ldspars were recorded at 782, 799, 992 and 1060 cm·1
• If the 

doublet 782, 799 cm· 1 is characteristic of quartz, the other peaks can be attributed to both 

quartz and fe ldspars, thus no more detailed interpretation is proposed. 

Peaks at Il 13, 11 62, J 645 and 3629 cm·1 are attr ibuted to alumino-s il icates. The same peaks 

were found in amorphous a lumino-s ilica and si lica crusts from Canadian rock art sites . They 

are common peaks found in clay minerai s too, the two first being attributed to Si-0 

stretching, the thi rd to OH deformation of water, and the last one to OH stretching of 

hyd roxyl groups (Madejova and Komadel, 200 1 ). The attr ibution to c lay minerais is the most 

likely as c lay is a common degradation of the Clarens formation sandstone (Johnson et al., 

2006). 

Finally, ca lc ium oxa lates were recorded (Figure B.2). 

CC = calcium carbonate 
Cl =clay 
F = fe ldspar 
Ox = calcium oxa late 
Q =quartz 
W = water 

W/CI 
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Figure 8.2 FTlR spectra ofMac lear rock 
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B.I .S Conclusion 

Results are in agreement with the known composition of Clarens formation sandstone. At its 

surface, weathering products and eo lian deposits consist of calcium oxalates, calcite, quartz 

and feldspars grains, and clay minerais. Minor elements as sodium, magnes ium, potass ium 

and iron were recorded without finding their exact mineralogy. They may be part of the 

feldspars gra ins and clay minerais, or occur as salts. 

No preparati on of the rock surface is visible. However, ali the paintings were realized on the 

white weathering crust visible at the surface of the rock and which may act as a preparation 

layer fo r the a11i sts. 

8 .2 Rock support characteri zati on, Phuthi atsana Vall ey, Lesotho 

8.2.1 Mi croscope 

At the surface, the rock exhibits a white layer, punctuated of dark red grains (F igure 8.3). 

Underneath, the rock is composed of transparent, white and ye llow grains in a white/ye llow 

matrix. The rock is highly fri abl e. 

The observations of the rock in cross-section show the presence of grains of al most the same 

size (about 100 ~-tm ) comprised in a ye llow matrix. The ma tri x seems to be more present than 

in the rock from South Afri ca . 

Figure B.3 Microscopie images of Lesotho rock: a) surface, b) cross-secti on 
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B.2.2 SEM-EDS 

At its surface, the rock ex hibits a smooth texture with gra ins from 1 to 50 ~Lm on top. They 

are of d iffe rent shapes: round , long, polygons. They are composed of s ilicon, a luminium, 

sodium and potass ium, for the largest, whereas the smallest are composed of ca lcium 

sometimes accompanied of sulphur. Minor elements recorded are magnesi um, ch lorine, 

titanium, manganese and iron. 

Observations under SEM confirm the ones made with microscope: small grains, abo ut 100 

~m , in a matrix composed of calcium. T he grains are most! y qua11z, potassium fe ldspars and 

sod ium fe ldspars. The presence of grains composed of iron and titanium has been recorded. 

B.2.3 Raman spectroscopy 

Quartz was the on ly mineral recorded on both surface and cross-section of the rock. At its 

surface, the rock exhibits a high fluorescence. 

Broad peaks at 130 1 and 160 1 cm· 1 fou nd at the surface of the rock may be interpreted as 

c lay minerais. 

B.2.4 FTIR spectroscopy 

Quartz and ano1ihoclase were recorded along with poss ible peaks of clay. Calcium 

carbonates were found too (Figure B.4). 
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The rock is composed of quartz, potassium feldspars and sod ium feldspars in a calcitic 

matrix. The presence of calcium sulphates and clay was found at its surface. Mi nor elements 

as magnesium, chlorine, titanium, manga nese and iron were found main ly at the surface of 

the rock and are attributed to weathering products. 

It is in agreement with the known compositi on of Clarens formation sandstone and with the 

compositi on of the rock fro m Maclear sites. 

8.3 Rock suppot1 characterization, Thune Valley, Botswana 

8.3.1 Microscope 

At the surface, the rock exhibits a black to grey layer at some places. White and orange crusts 

were observed too. Underneath them, large transparent and white grains are comprised into a 

red matrix. lt is possible that the red matrix turned black because of fi res made close to the 

rock face. 
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The observations of the rock in cross-section show the presence of grains of al most the same 

size (about 200 j.!m) compri sed in an orange- red matrix (Figure 8 .5). The grains are much 

lat·ger than in the rocks from South Afri ca and from Lesotho. 

Figure B.S Botswana rock in cross-section (microscope with incident light) 

8 .3.2 SEM-EDS 

At its surface, the rock presents a smooth layer with round grains and flakes from 10 to 200 

~Lm diameter. lt is composed of magnes ium, alum inium, silicon and calcium, with minor 

elements as phosphorus, sulphur, chlorine, potass ium and iron. 

ln cross-section, the rock is composed of grains from 50 j.!111 to 200 j.!m diam. They are 

mostly with a round shape and composed of si licon. The smallest gra ins are composed of 

aluminium, silicon and potass ium and are identified as K-feldspars whereas the other grains 

are quartz. No matrix has been identifi ed. 
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8.3.3 Raman spectroscopy 

At its surface, c lay, anhydrite and feroxyhyte we re found (F ig ure 8 .6). 

ln cross-section, onl y peaks of qua1tz were recorded. 

An = Anhydrite 
Cl= Clay 
Fr = Feroxyhyte 
Q =Quartz 
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Figure B.6 Raman spectra recorded on Botswana rock 

8 .3.4 FTIR spectroscopy 

K-feldspars and quartz were recorded on FTI R spectra from the rock. Peaks at 9 13, 362 1, 

3699 cm· 1 can be attributed to clay which can be found in thi s sandstone as weathering 

products (Johnson el al. , 2006). Calcite was identifi ed too (F ig ure 8.7). 
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The rock suppott of the paints is sandstone composed mostly of quartz and K-fe ldspars. 

Calcite and c lay were recorded in and on the rock and they can be both weathering prod ucts 

and the matri x of the rock. At its surface, it ex hi bits a thick white to black layer composed of 

ca lcium sulphates and c lay, and feroxyhyte (that is to say iron ox ide hydroxide under the 

fo rm o-Fe3+0(0H)). 





APPENDIX C 

TRANS FER FROM LEXSYG TO RIS0: T ESTS AND NEW SETTINGS 

Due to a break in the Lexsyg instrument which requires long-term fi xing at the end of the 

PhD project, final OSL analyses were transferred to the Ris0 instrument (deta il s of the 

instrument are g iven in chapter 11). 

The transfe r needed to take into account the di fferences between the two instruments. First, 

the Lexsyg was running under helium atmosphere whereas the Ri s0 was us ing nitrogen 

atmosphere. These two gases have di fferent heat conducti on properti es, the helium being 

more conductive than nitrogen. As my protoco l was highly dependent of pre-heat 

temperatu re, pre-heat tests were first conducted to determi ne the corresponding temperature 

to be used. T he rock Aral 175 has been se lected for these tests. Second, the Ri s0 is eq uipped 

with a lamp reproducing sunlig ht but being about 10 times less powerful than the Lexsyg 

one. The protoco l established with the Lexsyg requires a 15min- bleach after each Ln-Lx and 

Tn-Tx . Due to the weak power of the lamp, such bl eaching cou Id not be do ne as it requi res 

too much instrument time. Hence, a test was conducted with therma l wash to replace the 

bleaching step. Results are deta il ed in the fo llowing sections begi nni ng by thermal transfer 

determ ination, then dose recovery tests us ing g iven doses of 2 and 20 Gy and finall y, the 

adj usted protocol was tested on a core ta ken from the rock fro m RSA M EL8, on whi ch 

painting tests were conducted. 

C. l Therma l transfer determination 

During experimentations detail ed in chapter V, the presence of a thermal transfer due to the 

necessity of pre-heating the sampl e prior to IRSL recording was fo und and estimated 

depending on the pre-heat temperature used. To estimate more precise ly its influence and to 

reduce it, a bleaching step was introduced after each Ln-Lx and Tn-Tx. 
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However, thi s step cannat be done wi th the Ris0. To rep lace thi s step, a thermal wash was 

tested. lt cons isted of an 1 RSL record at 225°C for 1 OOs. Detail s of sequences are g iven in 

tab le C. J. 

Table C.t Therma l transfer sequences (a : without thermal wash, b: with thermal wash) 

a Step Treatment 

Preheat at 0/50/ 1 00/ 150/200/250°C for 60s 

2 IRSL at 50°C for 1 OOs 

3 Test dose, 1 Gy 

4 Preheat at 0/50/ 100/ 150/200/250°C fo r 60s 

5 1 RS L at 50°C for 1 OOs 

6 Regenerative dose : !Gy, 5Gy, !OGy, OGy, !Gy 

7 Return to step 1 

b Step Treatment 

Preheat at 0/50/1 001 150/200/250°C for 60s 

2 J RS L at 50°C for J OOs 

3 1 RS L at 225°C for 1 OOs 

4 Test dose, 1 Gy 

5 Preheat at 0/50/ 100/ 150/200/250°C for 60s 

6 1 RSL at 50°C for 1 OOs 

7 IRSL at 225°C for J OOs 

8 Regenerative dose: 1 Gy, 5Gy, 1 OGy, OGy, 1 Gy 

9 Return to step 1 

Results were plotted in figure C. l with results obtained with the Lexsyg instrument. 

Comparing thermal transfer with the bleach step on Lexsyg and the one with the thermal 

wash step on Ris0 shows s imilar results for both the intensity and the shape of the curves. A 

slight shi ft on pre-heat temperatures is observed and is due to the difference of conductivity 
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properties of helium and nitrogen. 1 t is estimated to about 10% of the pre-heat temperature set 

in the sequence. Hence, with a pre-heat of 1 00°C, the shift is 1 0°C, whereas it is 20°C with a 

200°C pre-heat. 
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Figure C.l Thermal transfer depending on pre-heat temperatures (Lexsyg and Ri s0) 

Results show that a better estimation of the thermal transfer is achieved when us ing the 

thermal wash step after each Ln-Lx and Tn-Tx. They are s imil ar to those obtained with 

Lexsyg us ing the bleach step. 

To confirm that the use of a thermal wash step produces s imila r results as the bleach step, 

dose recovery tests at 2 Gy and 20 Gy were then carri ed out. 
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C.2 Dose recovery tests 

C.2. 1 Dose recovery: 2 Gy 

Dose recovery tests were carri ed out at different pre-hea t temperatures foll owing the same 

seq uences as detai led in Tab le B.l , but add ing a preliminary g iven dose of2 Gy. Then rat ios 

between the recovered dose and the given dose were ca lcu lated (F igure C.2) . Then thermal 

transfe r was subtracted to the recovered dose and the ratio was again calculated (F igure C .3). 
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Once thermal transfer is subtracted , using the Ris0 instrument, dose recovery ratios are with in 

the 0.9 to 1.1 range recommended by Murray and Wintle (2000) with a pre-heat temperatu re 

of 200°C. Results us ing the thermal wash step or not are in the same range. However, using 

thermal wash, the dispers ion of res ults is Jess. 

According to these resu lts, the therma l wash step and a pre-heat temperature of 200°C are 

thought to be the best parameters to set the Ris0. Further tests were conducted on higher 

g iven doses. 

C.2.6 Dose recovery: 20 Gy 

As demonstrated in chapter V, dose recovery tests us ing a given dose of 20 Gy were al ways 

successful whatever . pre-heat temperatures and us ing or not a bleach step. Hence, they were 

conducted to confinn that the thermal wash step does not influence the dose determination, 

whatever high or weak is the initial dose. Sequence used is g iven in Table C.2. 

Table C.2 

Step 

2 

3 

4 

5 

6 

Dose recovery test (20 Gy) sequence 

Treatment 

Preheat at 0 - 250°C for 60s 

IRSLat50°Cfor lOOs 

1 RS L at 225°C for 1 OOs 

Test dose, 3Gy 

Preheat at 0 - 250°C for 60s 

1 RSL at 50°C for 1 OOs 

7 IRSL at 225°C for lOOs 

8 Regenerative dose : IOGy, 50Gy, 30Gy, OGy, !OGy 

9 Return to step 1 

Results are presented in Figure C.4. lt shows that the dose recovery ratios are within 10% 

whatever pre-heat temperatures and subtracting or not thermal transfer. Thermal transfer has 

been estimated to about 0.6 to 1.2 Gy depending on pre-heat temperatures. lt represents about 
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5% of the g iven dose; hence it does not have a rea l impact in the dose determinat ion at 20 

Gy. 
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Figure C.4 Dose recovery ratios (20 Gy) using thermal was h on Ris0 

These results confirm parameters se lected previous ly: the thermal was h step and a pre-heat 

temperature of 200°C are thought to be the best parameters to set the Ri s0. They were then 

tested on core 3 of rock from RSA MEL8, rock be ing artifi cia lly painted at its surface and 

ex posed to SOLE Lamp. 

C.3 Tests on core 3 of rock from RSA M EL8 

Ln-Tn determ inations were first conducted on the entire co re using the same sequence as 

prev ious ly used with Lexsyg (§5.3.2. 1) but replac ing the bleach step by the the1mal wash step 

and us ing a pre-heat temperature of 200°C (F igure C.5). Then, sequences to ca lcul ate 

equ iva lent doses were conducted once again us ing the Lexsyg sequences but replac ing 

bleaching step and pre-heat temperatures (Figure C.6). 
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Figure C.6 Eq uivalent dose determination of three s i ices of core 3 of rock from RSA 

MEL8 (Lexsyg and Ris0) 

Ln-Tn profi le results show a slight ly higher ratio for the entire core but the shape of the 

profi le stays the same. Wh en comparing equivalent doses determinations, they al i fa li in the 

same range. Moreover, the recovered dose underneath the paint layer is again about 5% of the 

initi a l dose. 
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C.4 Conclusion on the transfer 

Using these results, it is poss ibl e to conclude that a transfer can be done from Lexsyg to Ris0 

adjust ing the sequence used: pre-heat temperature is set at 200°C and the bl each step after 

each Ln-Lx and Tn-Tx is repl aced by a thermal wash step consisting of an IRSL recording at 

225°C for 1 OOs. 



APPENDI X D 

BA YES IAN MOD ELLfNG DETAILS AND SETTINGS 

ln this secti on, details and settings are given for the Bayesian models presented in this thesis. 

D. l Software settings 

Bayes ian modelling was conducted using OxCal online 

(https://c 14.arch.ox.ac.uk/oxcai/OxCal.html ). Models were constructed as a sequence in 

which continuous phases were added. ln each of these phases, radiocarbon dates were 

included. 

Outlier constraints were added to the entire sequence and to each date. For the sequence, an 

outlier mode! was used with a distribution of T(5), i. e. "this assumes that the outliers are in 

the time dimension (for example samples deposited at a time other than that of their 

formati on), and are assumed to be distributed according to a student T di stri buti on with 5 

degrees of freedom (a long ta i led distribution more suitable than a Normal distri bution fo r 

outliers" (Bronk Ramsey, 2009), and a magnitude distribution of U(0,4), i.e. "the scale is 

all owed to 1 ie anywhere between 10° to 104 years" (Bronk Ramsey, 2009). For each date, an 

outlier command has been added to "fl ag a measurement as a definite outlier and remove it 

from the mode!" (Bronk Ramsey, 2009). lt has been set at 0.05 or 5%. 

The calibrati on curve selected in ShCall 3, as dates were obtained on sites from the South 

Hemisphere. 

lt results in the mode! code presented in Figure D. l . lt is then run in the OxCal software 

online. 
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Figure D.l Example of the constructi on of a Bayesian mode! used in thi s thes is 

D .2 Archaeo logica l constrain ts g iven to the models 

F irstly, constraints were g iven according to the dates obtained. They can be roug hl y arranged 

to make a pre lim inary chrono logy of a s ite or a region. Then they are confronted to 

superpositi ons of pa intings observed by the archaeo logists. Hence a painting on top of 

another wi ll be assumed to have been created after the one underneath it. Phases result of 

these observati ons. 

However, superpos itions are not present on a li the sites and they may be confused. Bayes ian 

models were used to estimate the probabili ty that one representation would be younger than 

another and thus corroborate or not archaeo log ical interpretations. For thi s step, the outl ier 

commands on each date offered the poss ibil ity to track dates wh ich do not fit w ith the mode! 
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and rean·ange them. However, different models have the same probability and it results in 

d iffe rent poss ible scenarios. 

Final! y, models were constra ined by archaeo logica l ev idence of the presence of San groups in 

the area. lt was especia ll y the case fo r the Metolong catchment s ince San hunter-gatherers 

were absent from it afte r the end of the 1830 ' s (Vinni combe, 1976; Arthur and Mitchell , 

20 10). 

D.3 Interpretations of the res ults 

Results from the models are first ly eva luated us ing the two d iagnostic measures g iven by 

OxCal: 

The agreement indices: a measure of the agreement between the mode! (pri 01-) and 

the observational data (likelihood). They sho uld be over 60% 

The convergence integra l: a test of the effect iveness of the Monte-Carlo-Monte­

Carlo algorithm. lt should be over 95%. 

Then, outlier models and com mands give flag on potential outli ers in the mode!. lt makes it 

possible to correct the mode! and then run it aga in to adjust the sequence of phases. Jf a li 

tlags are green, the mode! is used for the interpretation of the s ite. 





APPEN DIX E 

SU PPLEMENT ARY ONLINE INFORMATION FOR "PI GMENT CHARACTERI ZATION 
AS AN ALTERNATIV E TO fNTERPRET ROCK ART SITES WH EN DA TING 

METHODS FAI L: THE CASE OF THE MI KINA K SITE, LA KE WAPIZAGONKE, 
QUEBEC, CANADA" 

E.l OSL preparation and experimental detail s 

As the OS L signal is light sensitive, ali the preparati on process has to be ca rri ed out under red 

light. 

Two rocks collected on the banks of the Lake Wapi zagonke were prepared to test the 

sui ta bi lity fo r OSL da ting of quartz composing the rock support of the paintings. About 1 cm 

of the surface of the rocks was retrieved, and the rest was ground in an agate mortar. The 

sam pies were acidified with hydrochl oric ac id (HCI) at 10% for 1 hour in order to dissolve 

calcium carbonates and other weathering products, fo llowed by three distilled water 

cleanings and one methanol cleaning. Sampl es were left to dry at room temperatu re 

overnight. Sieving was subsequently undertaken and the fraction between 150-250 J..lm was 

se lected. Sam pies were then ac idified with hydrofluoric ac id (HF) at 10% fo r 15 minutes, 

cleaned three times with distilled water, ac idified aga in with HF 45% for 45 minutes, cleaned 

three times with disti lled water, acidified with HCI 10% for 30 minutes to remove calcium 

and fl uorine ions liberated by the HF acidification, cleaned three times with di sti ll ed water 

and fi nally cleaned once with methanol. 

Once dried, they were mounted on aluminium dises for OSL record ing. Samples were 

analysed using a Lexsyg system (Ri chter et al. , 20 13), with blue LED stimu lation, under 

helium atmosphere. The luminescence was filtered with a combination of two filters and 

detected with a photomultiplier. Data were treated using Analyst and Excel. 

To test the suitability of quazt z, an Ln-Tn sequence was applied (Table E. l ). 
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Table E.l Ln-Tn sequence used for quartz sensitivity 

Step Treatment 

Preheat 240°C for 1 Os 

2 1 RSL at 50°C for 1 OOs 

3 OSL at 1 1 0°C fo r 40s 

4 Test dose, 20Gy 

5 Preheat 160°C for 1 Os 

6 lRSL at 50°C for lOOs 

7 OSL at 1 1 0°C for 40s 

No OSL signa l was recorded (Figure E. l ). A second test was carried out by giv ing to the 

natural quartz samp le an added dose of2000Gy. No OSL signal was recorded either. 

Figure E.l 

V> 

~ 
<il 1 
0 

0 -~-,--~-Lr--r--.-~-----. 
0 5 10 15 20 25 30 35 40 

Tîme (s) 

Example ofOSL signal recorded fo r Lake Wapizagonke quartz 

E.2 Supplementa ry fi gures and photos 

We wou ld li ke to include the fo ll owing fi gures and photos to complete our article. 
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Figure E.2 Painting panel at Mikinak Site 

•. 

' . • > 
' ' ' 

25M99Al-2 
~6CM. 

Figure E.3 Painted fragments co llected in 1985 (Parks Canada) 
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Levet before deposition 

t 
Deposition 

Figure E.4 

Figure E.S 
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Common OSL hypothesis (left) and OSL hypothesis of this study (right) 

Small ba il s observed on 25M 1 A 1-1 (SEM secondary electron image) 
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Figure E.6 Diatoms in the s ilica crusts 

E.3 Bibliography 

Richter, D. , Richter, A. et Dornich, K. (2013). Lexsyg - A new system for luminescence 

research. Geochronometria, 40(4), 220-228. 





APPENDI X F 

A NOTE ON THE SAN NAME ORTHOGRAPJ-IY 

Many of the San words used in this thes is are spelled with sy mbols. They represent the clicks 

that are a distinctive feature of the Khoisan languages. The descriptions of these sounds are 

taken from Lewis-Williams and Pearce (2004). 

1 (Dental click). The tip of the tangue is pl aced against the back of the upper front 

teeth ; in the re lease, it is pull ed away with a fri cative sound . 

! (Alveolar-palatal click). The tip of the tangue is pressed firm i y aga inst the back of 

the alveolar ridge where it meets the hard pa late and is snapped down very sharply on release. 

A loud pop results. 

-:f (Alveolar click). The front part of the tangue, more than the tip, is pressed against 

the alveolar ridge and drawn sharply downward when released. 

1 1 (Lateral click). The tangue is placed as for the alveolar click. lt is released at the 

si des by being drawn in from the teeth. Drivers of horses sometimes use lateral clicks to 

encourage their steeds to start or go faster. 

0 (Labial click). The fronta l closure is made with pursed lips; when the li ps are 

released, the sound is li ke a kiss. This click is found on ly in southern San languages. 

X is a guttural sound as in the Scott ish loch. 





---------

APPENDIX G 

GENERAL MAP 

The fo llowing map is given to localise the different sites and places mentioned in thi s PhD. 

Points which locate two or three sites are accordingly larger. 
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APPENDIX H 

ANALYSJS CATALOG 

The analys is catalog is given as a numeric file, to be found in the CD attached to this 

manuscript. 
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