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ABSTRACT

Worldwide, dating rock art is difficult to achieve because of a frequent lack of datable
material andthe difficulty of removingcontaminationfrom samplesOur research aimed to
select the paints which would be the most liketylie successfullsadiocarbondated and to
estimate the quantity of paint needed depending on the nature of the paint and the
weathering and alteration productassociated with it To achievethis aim, a twestep
sampling strategy, coupled with a mditissrument characterization (including SEEDS,
Raman spectroscopy, and FTIR spectroscopy analysis) and a modifipibtk&# ment, was
created.In total, 41 samples were dated from 14 sites in three separate regarsouthern
Africa These novel protocoknsure that the radiocarbon chronology produced was robust
and could alsdbe subsequentlyapplied to different regions with possible variations in paint
preparation, geology, weatherimgpnditions, and contaminants.
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INTRODUCTION

guestionthat is maybe the most complicated to answer. Many techniqueaghbeen tested

in order to try to provide answers, from historical records, oral testimonies, and stylistic
characteristics to physical and chemical techniques such as radiocarbon and Uszmiesm
dating(e.g.Nelson et al. 1995; Hellstrom 2012; Lemaitre 2013; Aubert et al. 2014)

L

How old is it?’ is the questi oitis alsothe frequert
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One of the most (if not the most) used techniguewadays to date rock art is radiocarbon
(*'C)dating. Because of the sacred nature (both religious and scientific) of rock art, it was
extremely difficult to collect enough samples poovide a date before the 1989 and the
development of AMS (Accelerator Mass Spectrometry), which can provide dates from
samples weighing only a few milligrams. The first radiocarbon date obtained on rock art with
“C AMS was at the Oxford Radiocarbonefarator Unit, University of Oxford, on South
African rock artvan der Merwe et al. 1987B5ubsequently, a large number rofck art and
Paleolithic cave arsamples fromEurope and Australihave been datede.g. Nelson et al.

1995; Gillespie 1997; Valladas et al. 2001; Valladas 2003; Pettitt and Pike 2007; David et al.
2013; Valladas et al. 2013; Quiles et al. 2014; Quiles et al..2016)

In southern Africafewer attempts at dating rock athave been madedl limited to dating of
weathering crustyMazel and Watchman 1997; Mazel and Watchman 2@@83it has long
been assumed that the black painised in the artwere based on mineral pigments rather
than carbon. However, recent characterization studiese provided new insights on black
paints revealing that carbofbased paints werindeedused(Prinsloo et al. 2008; Tournié et
al. 2011; Bonneau et al. 2012; Hoerlé et al. 20E6)lowing these studiesye successfully
obtainedthree dates on black paintings from collapsed rock flakes at site RSA(SYNE
Africa) using a modifiedABA pretreatment protocol (Bonneas et al. 2011) This project
reveakd the importance of characteriizg the pigmentprior to radiocarbon datingn order
to identify preciselywhat is being dategand whatpossible radiocarbon contaminantsay
be present and thus adequatelio interpret the dates obtained

Characterization of paints before selection for radiocarbon dating is not new, but is often
limited to portable XRay Huorescence (XRFRnalysis whichin the absence of iron or
manganesemay lead to theassunption that black paints are madéom carbonbased
pigments. More recentlyBeck et al. (2013)Beck et al. (2014and Lahlil et al. (2012)
analyzed French cave art with ndestructive portable instruments (portable XRFmicro-
Raman spectrometer, andn infrared reflectography camera) to track carbbased
pigments before seleatg sampledor radiocarbon dating. Howevenone of these stulies

fully characterze either the pigment(charcoal, soot, carbohlackg or the weathering
products which can be radiocarbon contaminanssich as calcium carbonates, calcium
oxalates or humic acids.

To assess this problenhe first characterization angretreatment protocol (Bonneau et al.
2011)has beerextended and improved. It aims to select the paititat would be the most
likely to be successfully radiocarbon dateglusing a multinstrument protocol. To achieve
this aim, the protocolestimates the quantity of paint needed depending on the nature of
the paint and the weathering and alteration produgtsesent and makes it possible to
adjustthe chemicalpretreatmentto remove contaminants at the same time as conserving
as much as possible of the sample to be dated

METHODS

Rock artsites

This project requiredhe collecton of “large’ s a rfip.lakleast 50ng) to improve the
existing protocols Two areas served this purpogegerfectly. the ThuneDam areain

Botswana and the Phuthiatsana Vallay Lesotho.In both cases, dams were under
construction in these areas at the time of our study and subsequently flooded many rock art



sites (Fig. 1). These sites were comprehensively photographed, traced, recadiedsome
cases also excavated by archaeologists before any sampling or flooding commenced.

Oncethe protocols were well established, they wetieen tested onmaterial fromsites in

t he Macl ear District of Sbign 1)WwherArbck artcsikesae East er n
not currently endangered by damdsheinitial project started in 2010 with a site from this

area, RSA TYN2.

The ThuneDam, Botswana

The ThuneDam is located in the Kalahari Desert, near the town of Mathathane,
approximately 20 i west of the South African border, and 500 km negtst of Gaborone,
the capital of Botswand:ortyarchaeological sites are presentamarrow band about 35 km
long and 5 km widalongthe Thune RiverSix of therock art sites were flooded by the
congruction of the dam and 18 others may be impactedthre eventof exceptiondly high
floods. All 24 sites were recorded and some excavategveal the presence dfater Stone
Age artefactof Holocene agéWalker 2009)

The imageryat the sites includg finger paintings and Sa(Bushman)fine-line tradition
paintings, but few superimpositions appear. The finger paintings are peripheral to, or
superimposed upon, San paintings and thus appear to have been made at a later period.

ThePhuthiatsana Valley, Lesotho

The Phuthiatsand/alley is located approximately 30 km east of Maseru, the capital of

Lesotho. From 1979 to 1982, this valley (and three other areas) was examinkedcay

Smits and his tearthen of the National University ofelsotho in order to record rock art

sites as part of the ‘Analysis of Rock Art of
to yet other regions of the countrySmits 1983)A total of 259 sites was recorded in the
Phuthiatsana Valleyral adjacent areas.

In 1989 and 1990, excavations and surveys were conducted in the Phuthiatsana Valley by

one of us (PM). These were resumed in 2008 through to 2010 ahead of the construction of

the Metolong Dam in the middle section of the Phuthiatsana River. The excavations
provided evidence of both Middle Stone Age (MSA) and Later Stone Age (LSA) occupations in
several of the valley’'s rock shelters and al
settlement of the area by Sothgpeaking people in the nineteenth and twentiatenturies

(Mitchell 1993; Mitchell 1994; Mitchell and Whitelaw 2005; King et al. 2014; Mitchell and

Arthur 2014)

Within the catchment of the Metolong Dam a total of 28 rock art sites was recorded. All
were comprehensively documerde photographed and traced and some of the scientifically
most interesting and best preserved panels were removed for-teng conservation. Five
separate painting traditions were identified in the Metolong Dam area, the two most
common of which are thed® fineline tradition and a series of paintings attributable to the
area’s recent Basotho popul ation.

The Maclear District, South Africa

The Maclear District is located around the town of Macléaithe Eastern Cape Province of

South Africa. About 300 rock art sites have been recorded inatldia and the adjacent

districts, which together forrp a r t of a | arger region known a
nineteenth-century colonial administration(Blundell2004) Although very few dates from

archaeological deposits are available for Nomansland, they give evidence of an occupation



by hunter-gatherers from at least 2000 years ago to the colonial perig@pperman 1987;
Opperman and Heydenrych 1990; Opperman 1996; Blundell 2004)

Paintings were selected for sampling at fourteen sites, all of the Sailirfméradition (Fig.

2). None of these sites have yet been excavated, thus no archaeologicalahestenailable

for comparison with the paintings or to give an idea of the periods at which the shelters may
have been occupied.

Instrumentation for pint analysis

To conduct the characterization of paints, a minstrumentation protocol has been
developed to analyzeaunprepared and crosssection samples using microscopy, Raman
spectroscopy, SEEDS (Scanning Electron Microscopy coupled wiRayxEnergy Dispersive
Spectrometer), andHR (Fourier Transform Infrad spectroscopy.

Microscopic observations were conducted with a Leica DMLP microscope, equipped with a
Leica DFC450 camera and objectives at x10, x20 and x50, using reflected light.

SEMEDS analysis waarried out with a JEOL 840SEM equipped with a PGT Avalon EDS at
Laval University, Quebec City, Canada. An electron beamiof das used and observations
were performed with secondary electrons. Samples were observed on a catborwith a
gold-palladium coating. EDS analyses were performed with a 180s acquisition time.
Elemental napping was conducted using aHitachi S3400NSEMEDSequipped with an
Oxford Instrument EDS, cooled by Bet effect, at the GeotopUniversité du Québec a
Montréal, CanadaElemental maps were recorded at a pressure of 60 Pa, with an electron
beam of 15 kV. 10 frames of 5384 pixels were acquired per map, with an accumulation
of 2000 us per point.

Raman and FTIR spectroscopy analyses wandertaken at the Laboratoire de
Caractérisation des Matériaux, Université de Montréal, CanaddnVia microspectrometer
Raman was used with 514 nm and 785 nm lasers and x5€fdoabjobjective Spectra were
acquired from 100 to 2500 cirat 2 cni' resolution.

The Stirgray system employed combineddgilab FTS7000€TIR spectrometer anchdR
UMAG00microscope. Analysis was carried out over a spectral range of-480Q@m', with
128 scans at 2 ciresolution. Sampleswere crushed between two diamond micro
compression cells and analyzed in transmission.

Interpretation of spectra vasundertaken using Grams and CrystalSleuth software, and the
RRJFF dtabase the IRUG Spectrdhtabase available literatureand an inthousedatabase
prepared from reference minerals from the geological collection of the Earth and
atmosphericsciencesdepartment Univer#&é du Québec a Montréal

Characterization protocol

The entire protocol is summarized fgure 3.

In-situ sampling

In-situ preselection of paintings with portable instrumengs previously reported bgeck et

al. (2013)or example, was not possible as portable instruments (e.g.-Ray fluorescence
(XRF) or Raman spectroscopy) were available in the research institutions involved in this



project. Moreover, in the case of XRF, false postiiay appear as the rock support in our
sites (ClarensFormation sandstone (Lesotho and South Africa) and forest sandstone
(Botswana) is Ferich. This issue has been reported Bgck et al. (2014and solved by a
regression curve. Thus, sampling was the alternative option selected.

To avoid extensive sampling whiclowid damagethe rock paintings, a twstep strategyhas
beendeveloped: firsta barely visible sample is colledtin-situ. The initial sample is about
0.5 mma2. It is collected from parts of the figure already damaged by weathering with a
scalpel cleaned with distilled water and stored in a gelatin capstharacterization is
carried out onthis sample unpreparednd in crosssection Then,based onthe results, an
estimation of the quantity of paint needed is made aifdagreed bythe relevant heritage
authority, cdlected for radiocarbon dating.

Microscopic observations

Observations under the microscope make it possible to see some eolian deposits, such as
soils or sand grains and sometimes charcoal pielfesharcoal pieces are visible at the
surface of the sample, it should be discarded as these may reflect postepasiiion by

fire in the rockshelter, and will thus not reflect the date of the paint.

The crossection is used to assess the homogeneity of the paint layerasydossible
overpaintingepisodes.These episodeare easily visiblenost of the timeunder microscopic
observation as two paint layers are visibkeparated by a transparent or white layer
composed of weathering products. However, in a few sa#ieis weathering layer is too
small to be seen and can be detected only by SEM elemental maoinducted later in
the characterization protocolf a layerof repainting igporesent and if this layer is composed
of carbonbased painthenthe sampleis discarded as the date obtainedould be a mixture
of the two layers.

In thisstudy, only one samie hasmultiple layersof repaintingcomposed of carboibased
paint, but 10 black paint layers were found to have red paint layers underneath them.

At this step, the thickness of the paint layer is estimated and the microstratigraphy
observed: is the paint made directly on top of the rodKasthere a preparation of the rock
surface? Is there a crust or eolian deposits on top of the black layerPtAdse detailreed

to be answeredsince when collecting the samplelespitetaking a lot of precautions, these
layers surrounding the paintill be collected too.

Raman spectroscopy analysis

Raman spectrecopy is used toidentify the componentscompriing the paint and the
surrounding layersCharacterization should be conducted with botlegn and neailR lasers
to givea completeunderstanding of the samplas they do not excite the same chemical
bonds.

For a carbonbased paint (i.e. charcoal, chon-blacks, soot)two broad peaks cested
around 1320 and 1590 charerecorded. At this step, the green laser should be preferred as
the nearlIR laser is able to excitthe chemical bonds of organic matter present in the
sample, presenting the same peaksyen though theyare not part of the paint.
Furthermore, if the paint is made of a carbbased pigment but contaglittle carbon, as is
the case for soot for example, abhing a spectrum with the green laser would be difficult.
Finally a long exposure tthe green lasecanburn the sample and amorphous carbon peaks
will then appear without correlations with the original paint.



If the paint is not carboibased, but mad of iron oxiles, manganese oxides or other
minerals, they may not always react to green laser stimulation or to-frea&timulatione.g.
hematite reacs better to the nearIR laser than to the green las@onneau et al. 2012)As

a result, it imecesaryto use both lasers tochieve the bestltaracterization possible.

Totry to make distinctions between carbdmsed paints, deconvolution of the two broad
peaks(calledthe D-band and &and)is performed followingthe parameters detailedby
Coccato et al. (2015) orentzian curveare used to model the peaka linear baselings
subtractedfrom 800-1800 cni', Gramsis usedas software.The positions of the peakteir
intensity andtheir areaare collected with Grams and treated with Excel. These dataat
make it possible to distinguish carbtwased compounds between carbdacks and
charcoal. The peaksare too similar br a proper distinction. However, if compared to
Coccatoet al! s st u dthe péaRsGnlobir)studgare all in the group for charcoal and
flame carbonswhich confirns their attribution to carbonblacks and charcoal, and the
absence of graphitd,e. mineral carbonln the case of soot, a distinction can be madea
few caseswith this deconvolution process as the positiomay beslightly differentfrom
those of carborblacks and charcodFig. 4) This shouldhowever, be coupled with SEM
observatons to assess the identification.

Neverthelessthe fact that sootmay exhibitslightly different peak positionsnay serve to
discard samples contaminateat the surface with soot crusts frorfirewood, in the event

that sootitself wasnot the pigment used. In thisase data obtained orunpreparedsamples

and samples in crossectionsare compared andhouldreveal that the results are the same,
within 10cni’, in the positions of peaks, analithin 10%in intensity and area ratiosThisis
considered acceptable and tends to prove that the pigments used are chemically
homogeneous with no carbebased deposits at theisurface.Only two samples did not
match these requirements and thus were not sampled'far dating.

Carbonaceous mattepeaksare sometimes influenced by the presence of peaks of clay
minerals comig from a thin weathering layeon top of the black paint layeror from
intentional admixtures These peaks modify the aspect of carbonaceous matter peaks and
cannot be separaw from them, even with deconvolution. Hence thespectra are
discarded for the deconvolution process.

The disadvantage of crosgctions at this step is the presence of epoxy résa penetrates
the sample and sometimenaskscarbon peaks. Only speatithout resin peak were used
for deconvolution. On the other hand, analysisboth forms of the sample faw and cross
section), as previously detaile@dJlows assessment of the chemical homogeneity of the
paint, which is essential for radiocarbon dafin

Peaks may be influenced bye presence ohumic acids too, as was the case for the Lesotho
samples. There was no way to remove them from tpecéra before the deconvolution
process, introducing larger errors in the peak positions, intensity and asti@s
determined. Luckily, humic acids were present only in a few samples and detected with FTIR
spectroscopy analysis, making it possible to have a better understanding of the
deconwlution results.

Raman analysis with the green laser makes it posgibéstimate the percentage of carbon
present in the sample. Indeed, the tests performed, show that if nordy weak peaks of



carbonaceous matter are recorded with the green laser, the quantity of carbon present after
pretreatment will be less than 3%.

Raman analysis conducted on theydes surrounding the paint and on the paint itself
identifies their componentgclay, calcium carbonates, calciumfatgs, calcium oxalates,
etc.)and thus determines which should be removsiore radiocarbon dating.

SEM-EDS observations and elemental analysis

SEMEDS is used for both observations and elemental ana§sising should benade with
gold or other metals. &bon coating should be avoideas this element is tracked during
analysis

Elemental analysis anchapping (of crosssections only) show the repartition of chemical
elements in the sample. This provides details about the chemical elements making up the
paint and the surrounding layers. If compared to Raman resthlis,makes it possible to
understand bhe place of each compound and the feasibilitlyy excludingthem prior to
dating

Semiquantitative data on calcium and $ul were collected from elemental maps. To be
able to get reproducible results, mapse taken for 2000 ps per point, in a frame 52 x
384 pixels, and 10 frames were acquired. If compared waatiiventional semguantitative
EDSanalysis conducted on the same part of the sample for 300 s, the results are a/&#6n
error. The proportions of calcium obtained from the different sitesgefrom 2 to 24% (+
2%).

On unprepared samples, the morphology of the particles making up the samples is observed
(Fig. 5) In the case of carbebased pigments, it is possible to distinguish between charcoal
(long pieces with holes inside), soot (dhtzmlls) and carboiblacks (flakes of different sizes
(Fig.5). This distinction has been previously reportedligymasini et al. (2012)

FTIRspectroscopy analysis

FTIR analysis tonductedto confirm the presence of radiocarbon contaminants such as
calcium oxalates and humic acids, and to give an approximation of their abundance in the
sample to be collected.

FTIR analysidy definition,is quantitative as it compares the absorption of a beam of

wavelengths by a sample and a second beam with the same wavelengths witieout

sample.One needshoweverrt o t ake into account the Imol ecul ar
is thus possible to make a ratio betwedime calcium oxalate peaks, calciumrisanate

peaks, and calcium sate peaks (the three compounds of the sample containing aalciu

the rate of calciumand sultir being calculated previously during SERS angsis).

Tocalculatethis ratio, theabsorptionof the main CaX bond peak of each compound (that is
to say, the peak at 1618 chfor calcium oxalates, peak at 1114 Ciior calcium subites,
and peak at 1400 cifor calcium carbonates) is normalizedjainst the sum of the
intensities of thethree compounds (Equation 1):

= — pT(HQ.1)

where %, is the percentage of calciuoxalates in the FTIR spectrum, the absorptionof
the main peak of calcium oxalates,..Ahe absorption of the main peak of calcium
carbonates, and\y is the absorptionof the main peak of calcium salfes. Ay, A andAgy



are calculated by applying the Lamb&ger law and using molecular extinction coefficients
calculated from samples of kwn concentrations of each compound.

Percentages of each compound are calculated and then the proportion of each of them in
the sample is estimated using the proportion of calcium obtained during-BSE$1analysis

(Equation 2):

0 —2 (Eq.2

where R, is the percentage of calcium oxalates estimated in the whole samnpeSEM
the proportion of calcium obtained with SEEDS.In this project,P,, was used with a
systematic error of 20% due to large uncertainties in the deternmmatif the proportion of
calcium with SEMEDSsinceno standard was used for semilantitative determination.

This determination is made on the whole sample as, when collection of the séwcpleied

out in-situ, all the surrounding layers will be &k at the same time. Hence, the proportion
of calciummay becalculated for each layer composing the sample, but only the result on the
whole sample is usedVe also choséo conduct FTIR analysis on unprepared samples for
the same reasons. MicrATR(Attenuated Total Reflectanc&ermanium may be used to
focus on the different layersut does not reflect the entire compositioof the material to

be sampled.

Following FTIR analysis, it was possible to determine the proportion of calcium oxalates,

calciumsulfates and calcium carbonates in the collected samples: from 2 + 0.5% to 21 + 4%

for calcium oxalates, from 2 £ 1% to 7 + 1% for calcium sulfates, and from 2 + 1% to 4 £+ 1%
for calcium carbonates.

In the case of humic acids, very weak peaks were observed in just a handful of samples. They
are thought to be present in about 5% of the samples, aad be easily removed with
NaOH. Thus, no more detailed estimation has been conducted.

Having undertakerall of the stages outlined above.aints, their alterations, and their
weathering products are now identified. Followitige initialtests conducted (Bonneau et al.
2011), a modified BA (AcidBaseAcid) pretreatment was established. However, to try to
reduce the quantity of sample to be taken, tests wdtgther undertakento adjust the
length of each step to avoid as much as posshidoss olsample.

Modified ABA chemical pretreatment and radiocarbon dating

Chemicabretreatmentis almost certainlfthe key element imaccurateradiocarbon dating.

There are essentially two important questions to be eaklof anypretreatment method

(Bronk Ramsey et al. 20043):

“- Does the methodemove contamination present in the sample (acceptable levels will

depend on the relative age of the contaminants but are likely to bé&%d)?

- Does the method add significant levels of contamination (acceptable levels are <0.1% since

¥C concentration(ie. “ moder n carbon) | s(fouexamplé, &y r adi ca
sample containing 10 mg C needs to keep any added contaminants below’10 ug)

To answer the first question, FTIR analyses were conductedpafigeatmentto assess the
absence ofthe previously recordedadiocarbon contaminantsOnce dried, samples were
weighed, and, if large enoug#6 samples out of 49)an aliquot was collected for FTIR
spectroscopic analysi§TIR spectroscopy has a detection lifroim 1 to 5% depending on



the mineralor organic compoundin the case of calcium oxalates, as they contaimgh
proportion of water, this detection limit is estimatetb be around 23%. Only one sample
(out of M submitted presented calcium oxalates aftgretreatment and was rejected
accordingly

The mdiocarbon contaminants found in our samples are: calcium carbonates, humic acids
and calcium oxalates. The first two are commonly found in samples from various origins and
thus their removal using chemigaletreatments has been widely studig@rock et al. 2010)

On the other hand, calcium oxalates have received very little attention as they are rarely
identified in common radiocarbon samples. During the initial project at the OfMbrd
Radiocarbon Accelerator Unitpreliminary tests were conducted on calcium oxalates and
published byBonneau et al. (2011)Tests conductedor the presentproject aimed at
reducing the time that sampleseed to beimmersed in acids and basesilst efficiently
removing the radiocarbon contaminant3he emphasisvas paced on calcium oxalate
removal aghis wasthe main contaminant for our samples.

Investigations on calcium oxalates

Aliquots of pure calcium oxalates (Calcium Oxalate Monohydrate 98%, ACROS Organics) of
different weights (1, 3, 5, 10, 30, 50, 100 mg) were added to sample tuiteslO ml 1M

HCI. @mpleswere left for dissolution in three different conditions: 80°C heat{ag would

be the case using the routindClpretreatment protocol at ORAUY ultrasoniation with no
heating;and ultrasoniation at 80°C.

The esults(Fig.6) are all very similar to ah other. The ultrasorétion with no heating
proves to takeslightly more time to dissolve calcium oxalates than hegtiwhereasthe
addition of heating to ultrasonation proves to dissolve calcium oxalatgightlyfaster than
only heating.

Experiments on artificial mixtures

Previous tests show that two different conditions (heating and ultrastitio with heating)
lead toa better effectivenessn dissolving calcium oxalates. To evaluate the impact of such
conditions on carbonaceous mattesimilartests were conducted omoderncharcoal.

5 mg aliquots ofnodern charcoal were prepared in two series of 14 tubes withml1M
HCI. The first set was heated at 80°C, whereas the second seltvas®nicatedat 80°C, for
10 to 120 min.

Sampleswere then cleanedthree times with distilledwater and weighed. However, vile
pipetting cleaning distilled water, pieces of charcoal may be taken. Hénedistilled water
used to clean each sample was evaporated angpieces of charcoal present in it weighed
too, in orderto make a correction between dissolving and pipetting actions.

Results(Fig.7) are presentedas corrected with the proportion of charcoaémoved during
pipetting, that is to say between 0.5 ar2¥4 depending orthe samples.

Using only heating, the loss of sample is 34 + 13%, whereas it is 42 + 14% for ukteEsonic
with heating, irrespective dhe time spent in the HCI. Thidightly highetoss of samplenay

be attributedto the permanentmoving of the particlesvhich makes the acid more efficient
at reacting with them It may also introduce physical deterioratioHowever, it seems that
the impact on calcium oxalates is less thaat on charcoal. Hengdo dissolve calcium
oxalates onlyheating has been chosen.



Experiments on real samples and results

Forty-nine samples were pretreated for radiocarbon dating using the following protocol
(when grains from the rock support were present, they were previotgstyoved physically
with a sterile scalpel blade under binocular glass)

- 1M HCl at 80°C for 20 to 90 min depending on the quantity of radiocarbon
contaminants estimate@nd using the exponential equati@mown n Fg. 5.

- Rinsing with ultrapure MilQ ™ tergMillipore Corp.).

- 0.1M NaOH at room temperature for 10 to 20 min depending on the estimation of
the presence of humic acid$0 min if not detected with FTIR, and 20 min if
detected.

- Rinsing with ultrapure MIlQ ™ wat er .

- 1M HCI at 80°C for 60 min.

- Rinsing with ultrapure MIl Q™ wat er .

- Samples are then freezdried as detailed in the following section.

FTIR analysis conducted on each of these samplesmfeatments proves that all of the
radiocarbon contaminants were successfully remog€id.8), except for sample PRFE2D13
C4. This sample had a high proportion of calcium oxal@@s 3%pnd calcium carbonates
(4 £ 1%) A first 1M HCI acidification was conducted for 90 ,nbut was not enough to
remove all contaminantsthus this stepwas repeated with fresh 1M HCI for a further 90
minutes, after which some contaminantsstill remained. However, these two steps
considerably reduadthe proportion of carboaceous matter to be dated. The sample was
therefore discarded.

Using this entirgoretreatment protocol and including the sampling of a tiny piece for FTIR
analysis, the loss of sample in weight is 61 + a%he 49 samples studiedHowever, i is
highly dependent upon the proportion of contaminants estimated. For exangamples
from Botswanawhere calcium oxalates represent about 20% of each of the samples, the
loss of sample duringretreatmentwas more than 70%. Moreover, charcoal and soot seem
to be more affected by thipretreatmentthan carbonblacks, maybe due to the diffence in

the heating pocess used to manufacture them.

This loss is slightly lower than ¢h90% reported by Valladas et al. (2001yluring
pretreatmentof Paleolithic cave paintingomposedf charcoal. However, a part of this loss
is due to the presence ofumic acidghat were extractedfor datingseparately.

This pretreatment yielded between 0.2 and 68.4mg of purified samples for subsequent
dating

Combustion,Graphitization and AMS dating

After chemical pretreatment,anples were frozen and dried using a VaCo 5 fredpgar

for a minimum of 12 hours. Once dried, they were weighed, and, if large enough, an aliquot

was collected for FTIR spectroscopic analyifficiently large amples(i.e. yielding greater

than ~0.6mg C)were combusted and graphitized according to tloaitine ORAUprotocol

previously published b¥rock et al. (2010)Only hree samples were large enough to be
treated as routine “|l arge graphi ttaréegdve . e. ~1.
routine “small graphite” (i.e. ~0.8 mg C) AMS



The majorityof the samples selected for radiocarbon datingguced lover carbon yields of

between 0.® and ~0.6 mg, and werthusdated as horr o ut irnye s'meel | graphite”
targets.
For “very small graphite” sampl es ,g)),avasdesi ccan

added to the water trap of the reactor &g following a premusly established protocol
(MotuzaiteMatuzeviciute et al. 2013)Graphitization followed, with the reduction of ¢

the presence of excess hydrogen (in the ratio of ~2Z@) and the iron powder, and

heated at 560°C for 6 hours to yield pure C (g
The presence of the desiccant helped to draw oyOHand therefore optimized the

conversion of C&xo graphite for the very small sam@eavhich are more sensitive to traces

of water vapor that interfere with the graphitization reaction. This addition has previously

been found to be necessary for the lowest yieldiaga mp | e s (i . e. t hose <
(MotuzaiteMatuzeviciute et al. 2013)

Four samples vyielded less than 50y of carbon and, although these were dated for
experimental purposeg wi t h application of the revised gr
smal | graphite” { ther ages bldained @are hot coesidlered becevag the

level of contamination in them would be proportionally too high, compared to conventional

AMS targts.

The resulting graphite was then pressed into aluminum targets and dated using the

Uni versity of Oxf or d’ @Brond R&rsey etaaln 2084mStalf BtSAl. sy st e m
2014) Conventional radiocarbon ages before present (BP) were calculated relative to the

oxalic acid (HOXII) standard and normalized for isotopic fracimm#Stuiver and Polach

1977) All **C determinations were calibrated using the Southern Hemisphere SHCal13

calibration curvgHogg et al. 2013)nd OxCal v 4.2 softwa(Bronk Ramsey 2009)

RESULTS AND DISCUSSION
Characterization results

In this study, 101 blackamnt samples were characterized. They are all made with carbon
based pigmers. Only 49samples were submitted for radiocarbon datirfgevenof these
failed, mostly in the first stage of the development of the characterization and selection
protocol. One other sample was discarded due to the presence of calcium oxalates after
pretreatment.

The black pignents characterize@vere mostly found to be carbehlacks (89 of 10L)that is
to saythe result ofincomplete combustion of an organic compound. Zeal (6 out of 101)
and soot (6 of 101) weralsoidentified.

This characterization is essential to interpngtthe radiocarbon dates obtained. Indeed, if a
date is produced frona charcoal painting, it will reflect the age of the death of the tfemnm
which the charcoal derivedyhich could potentially be much older than the painting. Thus,
the datewould provide only a maximum age for the pair@nd the painting episodeOn the
other hand, dates obtained on carbon black and soot paints will most likégct the time

of painting. Carbon black may be found in natuset will not survive more than two or
three months. Most of the time, this kind of pigment is thought to be made by humans
(Garate et al. 2004)



Regardless ofhe areas studiedthe weathering products surrounding paint layers nee
similar, even if their repartition and proportiordiffered between sites In this study the

most common weathering product found in and surrounding paint layees calcium

oxalatesin the form of whewellite (Ca@0,).HO) or weddellite (CafO,).2H0). Calcium
sulfates more or less hydrated (CaS®LO), calcium carbonates (Caf(humic acids, and
hydromagnesite (MgCQ)4(OH).4(H0O)) were also observed. Of these, only calcium
oxalates, humic acids, hydromagnesite, and calcium carbonates contéioncand should
be removed before radiocarbon dating.

Calcium carbonates are present at the surface of the rock and doubtless come from the rock
that has a calcitic matrix. They are few in quantity and their canpay beold - linked to

the formation ofthe rock, several millions years ago. On the other hand, they may form as
weathering products and includecent carbon.

Calcium oxalates are the result of different processes involving lichens, bacteria, percolating
water, rock support and paint binde(g/atchman 1990; Bonneau et al. 201R) this case, it

is impossible to track the provenance of their carbon. Moreover, the presence of the two
forms of calcium oxalates in and surroundirfte tsame paint layer proves that several
formation processes are involved, and thtat several sources of carboare present
Calcium oxalatecrustshave been radiocarbon datgareviously atrock art sites in southern
Africa and gavéermini ante quosand post quos (Mazel and Wateman 1997; Mazel and
Watchman 2003)However, considering the results given by these studies and the debate
about the provenance of carbon metalzad, we decidedto remove them in this project.

Humic acids come from degradation of the carbon mattekim@ up the paint. Just as for
calcium oxalates, the sources tbfe carbon metabolized are multiple and they should be
removed prior to radiocarbon dating. On the other handce separated from the painthe
humic fraction containing humic acidsanalsobe dated to see to what degree the initial
pigment sample might have been contaminat@dalladas et al. 2001 However, in our
project, the humic fractiomvastoo small(less than 5% according to FTIR resaltg) has not
been considered.

Selection and collection of sampfes radiocarbon dating

At this stagea question arises about the size of the sample to be collected on site. First, to
get a radiocarbon date with an acceptablecertaintyat ORAl) = 0. 5 mg of
needed for the AMS target. Raman analysis with green laser makes it possible to
estimate the percentage of carbon present in the samfdee characterization protocol
section) In this study the samples used for dating (including the ones for tests) were
composed of between 0.5 and 15% carbon aftestreatment

GComing back to the 0.5 mgf carbonneeded, if 3% of the sample is carbdinis means that
the sample afterpretreatment should be at least 17 mg. Thmetreatment removes on
average 61% of the sample, and thus the initial sample collected should be 35 mg.

However,following the characterization resulig,is possible teselect samples containirg

higher proportion of carbon and tadjust the previousestimation,in the first instanceby

using the SEM morphology. Soot samples are those with less carbon and most affected by
the chemicapretreatment Hence, they would requirat least35 mg of sample. In the case

of carbonblacks witha fine-flaky textue (that is to say composed of flakes from 0.5 tprd

car |



in diameter) the percentage of carbon isostly between 8 and 15% of carbon after
pretreatment and thus should require less thaé mg starting weight.

Finally, a proper estimation of the radiocarb@eontaminants anaf the time immersed in
acids and bases can reduce the loss of sample to-elio duringpretreatment Hence, a
sample ofl0 to 15mg would be required, which is estimated ¢orrespond toan area of 2
to 3cmz?, depending on the thickiss of the paint layer.

This collection area should be discussed with relevant heritage authority and, where
appropriate,the traditional owners of the site in questioffhe use olready damaged parts
and collection in thethickest part of the paint layer should be peferred. Moreover, the
integrity of the representation should be maintaindd this study, ollection of samples for
radiocarbon dating was conducted with sterile scalpel bladesvétidthe operator wearing
nitrile gloves feplacedbetween erery sample). Samples were stored in glass vidlsese
vials werepreviously cleaned with methanol in an ultrasonic bdibljowed by baking at
500°C overnight to evaporate any organic residue, and sealedahithinumfoil coveed
with Parafilm

Daes

Forty-one measurements orthirty-sevenimageswere obtained (Appendix A). Out of the
thirty-five very small graphite determinationghirteen were obtained on AMS targets
between 0.05 and 0.1 mg of carbon. The determinations obtained should be treated with
extremeprecaution as the effect of contamination is higher.

Out of these dates, four replicates were conducted on fmuagesfrom the three studied
regions, providing measurements in good agreement

The oldest date obtained in this study is from site TD12 in Botswana, with an age of
45001260 BP, calibrated &7234420 cal. BROXAX-255546; Appendix A The same
period has been recordedn two samples in ARAL 252, Lesotho, but as the amount of
carbonin them was very low, they are not considered reliable. More dates should be
provided to assess the presence of $ark artin this part of Lesotho at this period.

Our data show thaSoutlern African hunteigatherers were creating images on resthelter

walls as long ago as 23265 cal. BP in western Lesotho, and 292881 cal. BP in the
Maclear region of South Africa. This chronology falis ihe same period aghe minimum

and maximum ges obtainedpreviouslyon calcium oxalatesit sites in the uKhahlamba
Drakensberg Escar pme n iNata roviSceoy Mazel ahd Watchbnaanh s Kwa Z u
(1997,2003) but our results providedirect agesfor the images in questiarMoreover, as
dates were obtained on several panels from the same rock shelter, it was possible to
evaluate the continuation of use of a single rock shelter, revealing that some were used for
several centuries, even several millennia in the case of twa $iteBotswana and South
Africa. Finally, this dating project was coupled to a characterization one, allowing
comparison of styles, paint recipes and techniques over tiFoe.a more detailed discussion

of the dates themselves and subsequent, more detailgdrpretation, seeBonneau et al.
(2016)

Using the protocols we have outlidebove, the dates we have obtained now opensppce
for developing a chronometrically grounded approach to diversity and change within San



rock art. Because the meaning of San rock art is so well understood, these chronological
changes should be undersid in social termg§LewisWilliams and Pearce 2004)

CONCLUSION

The multiinstrumental characterizatioowe employedproved to be efficient at selecting
rock art samples for radiocarbon dating, andoupled with an adjusted chemical
pretreatment, optimizes chances to date rock art in southern Africa. Furthermore, using this
protocol, the type of carbofbased pigment dated is known, contaminants are tracked and
dissolved, and thus the date obtained can be adequately discussed: event of paintings,
minimum or maximum ages, contaminatigretc. The adlition of an FTIR analysis check to
assess the dissolution of previously identified radiocarbon contaminaateagfor ensuring

that the measurement was conducted only on the sample and that no sigmifica
contaminationremainspresent in the sample.

This protocol is a step forward in the field of rock art dating by reducing the sasizg®
be collected, by optimizing the success rate of such dating,by limiting the impact on
such valuable paintings while providing new chronological insights.
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Figure captions
Fig. 1: Southern Africa: locations of rock art research areas dated in the current project
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Fig. 2: Example of fiHene San paintings (panel from RSA CHA1, Skfuita)




Fig. 3: Sample characterization, selection, and pretreatment protocol. This schema details
the different information obtained by each step of the protocol on each part of the sample.
It states the order in which each analysis waaducted
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Fig. 4: (a) lband Raman peaks plotted againsb@éhd Raman peaks for distinction between
soot, charcoal and carbeplacks (samples from Lesotho; the final identification of the paint
was obtained by SEM observations); (b) Principal component anal\this same samples
obtained from Dband position, @and position, Area ratio, and Intensity ratamalysis
carried out with IMP)
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Fig. 5: Five different morphologies for carboaised samples recorded in this study
(Secondary electron SEbdbservation)
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Fig. 6: Weight of calcium oxalates dissolved against time in three different conditions (plots
include uncertainties)
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Fig. 7: Loss of charcoal during two different pretreatments (plots include uncertainties)
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Fig. 8: FTIR spectra before and after pretreatment from sample-20129 (Botswana)
(Ox: Calcium oxalates, CaS: Calcium sulfat€x, Ghemical bonds)
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Appendix A: Table 1, AMS radiocarbages of rock paintings from Maclear, Metolong and Thune. Samples are listed per site within each

research area. Calibrated dates were obtained using the SHCall3 calibration curve and are expressed at 95.4% contfsdé@nbeeli “ % of C”
(Carbon) was given by HFARMS anal ysi s conducted during combustion of the sampl e
introduced in a tin capsule for co'i@betesminaimn. (1: Sample was t oo s m:
Sample AMS laboratory ~Material | % of C|Mass of sample 1™  ¢:': { Conventional*’C age | Calibrated age BP
identification code dated combusted (mg| relative to BP (x1) (95.4% range)
PDB
Botswana sites
TD2201201 | OxAX-255549 |Carbon blac| 1.0 36.9 -25.0 1250+80 1276-962
TD2201219 | OxAX-255548 |Carbon blac| 4.2 5.4 -22.4 2130+90 2320-1878
TD2201221 | OxAX-255547 |Carbon blac| 2.1 5.23 -23.5 2960+160 3448-2751
TD1220126 | OxAX-255546 |Carbon blac| 0.6 8.0 -25.3 4500+£260 5723-4420
TD1220127 | OxAX-255545 |Carbon blac| 2.1 5.2 -25.8 2500+100 27542332
TD1220128 OxA29182 |Carbon blac| 13.2 5.0 -17.3 3060+30 3343-3284 (19.1%)
3274-3105 (72.2%)
3096-3077 (4.2%)
TD1220129 OxAX-25436 |Carbon blac| 12.8 6.9 -18.4 2580+390 35931712
TD2120122 | OxAX-255544 |Carbon blac| 16.8 0.4 -26.7 2580+130 2923-2906 (0.6%)
28912327 (94.8%)
TD2120123 | OxAX-255543 |[Carbon blac| 2.1 2.2 -25.1 2630+230 3325-3296 (0.6%)
3253-2147 (94.5%)
2126-2109 (0.3%)
Lesotho sites
ARAL17L1 | OxAX-247050| Charcoal 0.4 15.1 -22.3 1210+90 1274927
ARAL17Z1 | OxAX-247937 |Carbon blac| 0.5 2.1 n/a’ 1700+310 2326-965
ARALL178C1 | OxAX-247949 |Carbon blac| 2.1 14.2 -24.3 300465 495-250 (74.6%)
229-140 (19.5%)
113-105 (0.4%)
84-72 (0.7%)




18-12 (0.3%)
ARAL17822 | OxAX-247048 |Carbon blac 1 14.9 -24.1 390+70 516-291
ARAL17822 | OxAX-249527 |Carbon blac| 0.7 64.7 -22.9 470190 630-601 (2.7%)
564-300 (92.7%)
ARAL1720122 | OxAX-255539 |Carbon blac| 0.4 68.4 -25.4 410+130 635-594 (2.5%)
569-239 (80.5%)
231-138(9.2%)
114-102 (0.6%)
92-68 (1.3%)
25present (1.3%)
ARAL1720123 | OxAX-255526 |Carbon blac| 0.1 27.4 -22.9 575+75 664-460
ARAL1720121 | OxAX-255540 |Carbon blac| 0.7 425 -24.6 760+120 905-855 (4.8%)
844-518 (90.6%)
ARAL2420121 | OxAX-255524 |Carbon blac| 4 3.6 -24.9 770490 897-890 (0.4%)
883-873 (0.6%)
803-540 (94.4%)
ARAL251 | OxAX-247934 |Carbon blac| 2.4 0.2 n/a* 53002000 13579-1591
ARAL25C2 | OxAX-247935| Charcoal 0.4 2.6 n/a’ 5700£1000 9003-4226 (95.3%)
42014177 (0.1%)
ARAL25C4 | OxAX-247936 |Carbon blac| 2.7 0.4 n/a’ 26404390 3691-3659 (0.4%)
3649-1806 (94.8%)
1772-1748 (0.3%)
Maclear district sites
CHA1C1 OxAX-259020 | Carbon blac| 2.8 2.5 -24.6 25904110 2848-2352
FRE£013C3 | OxAX-255572 |Carbon blac| 1.5 3.2 -39.5 1160+140 1297-768
FRE£013C4 | OxAX-255521 |Carbon blac| 1.2 5.5 -41.8 770+100 903-865 (3.0%)
815531 (92.4%)
FRE£013C6 | OxAX-255520 |Carbon blac| 0.9 14.0 -35.0 510490 641-590 (9.60%)
572-318 (85.8%)
FRE£013C7 | OxAX-255519 |Carbon blac| 1.4 7.8 -36.8 290490 494-134 (85.1%)




119-58 (6.8%)
28-present (3.6%)

FRE4013C8

OxAX-255518

Carbon blac

0.3

12.7

43.4

14204140

1561977

LAB1C1

OxA25960

Carbon blac

6.6

0.8

-27.7

2040+120

2308-2220 (6.5%)
22121705 (88.9%)

LAB1C2

OxA25961

Carbon blac

6.2

1.6

-24.5

1620+90

1700-1646 (5.3%)
1625-1305 (90.1%)

LAB12013C3

OxAX-255517

Carbon blac

8.8

15

-32.8

1530+90

1585-1266 (94.2%)
1210-1189 (1.2%)

LAB12013C5

OxAX-255516

Carbon blac

7.3

1.4

-34.9

2690+100

2998-2428 (95.0%)
23922381 (0.4%)

LAB72013C1

OxA28977

Carbon blac

44.2

8.6

-25.6

14723

263-222 (20.5%)
147—present (74.9%

LAB72013C2

OxA28978

Carbon blac

22.4

12.1

-25.1

124+23

254-225 (13.8%)
143present (81.6%

PRH12013C1

OxA28980

Carbon blac

14.8

16.4

-23.7

447+23

509-449 (87.9%)
355-338 (7.5%)

PRH12013-C2

OxA29186

Carbon blac

6.3

17.9

-23.1

308+35

452-351 (50.9%)
342-280 (41.9%)
203-195 (0.8%)
167-155 (1.8%)

TYN2C1

OxA25962

Carbon blac

2.3

6.8

-24.6

2390+140

2748-2080 (94.9%)
2073-2060 (0.6%)

TYN2C2

OxA25963

Carbon blac

1.8

9.9

-25.7

2500+130

28412827 (0.4%)
2795-2298 (91.4%)
2260-2177 (3.4%)
2169-2162 (0.2%)

TYN2C3

OxA25964

Carbon blac

8.4

15

-24.8

2080+90

2306-2231 (6.8%)
2207-1820 (87.9%)
1765-1754 (0.6%)

TYN2C5

OxA25965

Carbon blac

1.6

11.8

-23.5

1940490

2050-1607




TYN2C6

OxA25966

Carbon blac

3.3

10.8

-24.2

1900490

2002-1586

TYN2C7

OxA25967

Carbon blac

11

6.4

-26.2

2290+110

26992633 (3.3%)
2617-2587 (1.3%)
2539-1998 (90.6%)
1947-1941 (0.2%)




