
�� �������������	�
���� �
�����������������������
���	�������
�����
�������
���������
���� �
�����
�����
���������������������
����
�� �������
������ �
�� ���
���
���
�����
���������� ���� ���
���� �
�������������������
���������������
�����
����������������������
���
���
������ ������

������������

�	���
�������
�������� ���������������� �������
���
������ �������������� �����������
������ ������������ �������
�������� �
������������ ���������������������� ������������������ ������ ������������������
�����
��������

������������������

��������

� �������
�������!��������

���	�������"�
��

�#�����������


�#�����������
�����$���� ���
���������%�#���� �&

������

10.1371/journal.pone.0291085

�� �����������������������' ���
��

�( �������������	���
�������
���������������)���!�����������������
���������
�����
�
�����������������
���������������������������������
�����������������������' �������$������������ �����������*��
�� ���' �' ���
������ �������������������
���	���
���
���������+�����
�����������' �����������
�������������
�����������������������������������������
�������
�������������������
�������
�����

���
�,���' ���������' �����������*�����������������������������
�����������������������
�������������
�������������
���������������)

�- ���+�
���������������$�����'

http://hdl.handle.net/10072/426537

�� �����$�$���������� �����������
�����"�
�����
��
https://research-repository.griffith.edu.au

http://dx.doi.org/10.1371/journal.pone.0291085
http://hdl.handle.net/10072/426537
https://research-repository.griffith.edu.au


RESEARCH ARTICLE

Plant, pigment, and bone processing in the
Neolithic of northern Arabia±New evidence
from Use-wear analysis of grinding tools at
JebelOraf
Giulio Lucarini ID

1,2�� ��, Maria Guagnin ID
3�� ��, Ceri Shipton 4, Anita Radini 5, Abdullah

M. Alsharekh ID
6, Michael Petraglia 7,8,9

1 Institute of Heritage Science, National Research Council of Italy, Rome, Italy, 2 Department of Asian,
African, and Mediterranean Studies, University of Naples L'Orientale, Naples, Italy, 3 Department of
Archaeology, Max Planck Institute of Geoanthropology, Jena, Germany, 4 Institute of Archaeology,
University College London, London, United Kingdom, 5 School of Archaeology, University College Dublin,
Dublin, Ireland, 6 Department of Archaeology, College of Tourism and Archaeology, King Saud University,
Riyadh, Saudi Arabia, 7 Australian Research Centre for Human Evolution, Griffith University, Nathan,
Australia, 8 School of Social Science, University of Queensland, St Lucia, Australia, 9 Human Origins
Program, National Museum of Natural History, Smithsonian Institution, Washington, D.C., United States of
America

�� These authors contributed equally to this work.
� guagnin@shh.mpg.de (MG); giulio.lucarini@cnr.it (GL)

Abstract

Archaeological sites with surface hearths are a ubiquitous feature across the arid zones of

the Arabian interior. At Jebel Oraf, in the Jubbah basin of the Nefud Desert of northern Ara-

bia, numerous grinding stone fragments were found in association with hearths, though the

original purpose of these stones was unclear owing to the poor preservation of faunal and

botanic remains. Here we describe results from use-wear analysis on five grinding tools at

Jebel Oraf, demonstrating that such artefacts were used during the Neolithic for plant pro-

cessing, bone processing, and pigment production. Grinding stones were often broken up

after initial use and fragments were subsequently re-used for alternative purposes, before

finally being placed on hearths or discarded. More specifically, plants were ground or pre-

pared and possibly cooked in the hearths, and bones were processed as well. The analyses

also highlight the importance of pigment processing at Neolithic sites and provide a link to

painted rock art. The frequent use of pigment in the archaeological record suggests that pig-

ment was widely used, and that Neolithic painted art may have been more common than the

surviving images suggest.

Introduction
TheNeolithic in Arabiahasbeencharacterisedby theintroduction of domesticatedlivestock
andatransitionfrom hunting to amixedeconomyof mobilepastoralismalongsidehunting
[1]. Themarginalenvironmentof northernArabiaseemsto haveledto amoreselective
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adoptionof characteristicsthataretypicallyassociatedwith theNeolithic in theLevant.
Sedentismandagriculturehavenot beendocumenteduntil theBronzeAge,whentheonsetof
arid conditionsisassociatedwith moreintensiveoccupationof oases,andintensificationof
plantcultivation,sustainedthroughsophisticatedwatermanagementsystems[2]. In Tayma,
anoasisin thenorthwestof theArabianPeninsula,oasiscultivationof grapevineandfig is
attestedfrom 4600BC[3]. Similarshiftsin subsistenceandmobility patternsarealsoknown
from theSaharawheremobilepastorallifewaysgavewayto oasissettlementsfollowing the
endof theHolocenehumid period,andculminatedin theriseof majorpolitiessuchasthe
GaramantianKingdomof southernLibya(1000BC±AD500)[e.g.4,5]. TheMid- Holocene
herdersof Arabialackedcharacteristicssuchassedentismandpotteryproduction,but Levan-
tine traits in thelithic industries,particularlydistinctivetypesof pressure-flakedbifacial
arrowheads,indicaterepeatedcontactevidentovermillennia [1]. Thesubstantialsocio-eco-
nomicchangesheraldedby theintroduction of livestockherdingandownershiparecom-
monly associatedwith theNeolithic [6]. However,theextentof thiseconomicshift is still
uncertainin northernArabia.Cattlefeatureprominentlyin therock art of thisperiod,yetfau-
nalassemblagesrecoveredfrom Neolithicsitesareoftendominatedbywild species,for exam-
pleatJebelOraf,andat theCamelSite[1, 7]; while faunalremainsfrom ritual contextsoften
consistof amixtureof wild anddomesticatedspecies[8, 9]. It isalsonot known to whatextent
theexploitationof wild or domesticatedplantswaspartof thesubsistenceeconomy.At
Tayma,�������� pollenrecoveredfrom lakedepositshavebeenarguedto provideevidencefor
cerealcultivationin theNeolithic [10], however,no plant remainshaveyetbeenrecovered
from excavatedNeolithicsitesin theregion.

Oneof themainchallengeshamperingareconstructionof Neolithicsubsistencestrategies
andotheractivitiesis thepoorpreservationof organicmaterialsin thearid environmentsof
northernArabia.Ritualactivitiesarevisiblein theform of largestonestructures[e.g.11],and
rock art sites[12], whilemobility patternscanbeinferredfrom occupationsites[1, 13].Hunt-
ing isevidentin thesparsefaunalrecord(seeabove),andalsoin thepresenceof largehunting
structures,knownaskites[14]. To date,thereisonly sporadicevidenceof pigmentusein
northernArabia.Groucuttandcolleagues[11] reportastonethatwaspaintedwith aredgeo-
metricpatternandhadbeenintegratedinto thewallsof amustatil,suggestingthatpigment
mayhaveplayedarole in theactivitiesthat took placein andaroundthesemonumentalstruc-
tures.In theabsenceof organicremains,processingof meatandbonescanonly bedocu-
mentedthroughthecharacteristicsanduse-wearof stonetools,whichareabundantin the
archaeologicalrecord[e.g.15].Theuseof large-scaletraps,whichhasrecentlybeendocu-
mentedon thenorth-easternedgeof theNefudDesert[14,seealso16]certainlysuggestslarge
quantitiesof meatmayhaverequiredprocessingandpreservationto facilitatestorageor trade
of surplus.

Fieldworkin theJebelOrafpalaeolakebasin,in thesouthernNefudDesertof SaudiArabia,
hasidentifiedaNeolithic landscapearoundapalaeolake[17], with agrinding stone
manufacturingsite(JKF100)identifiedin theadjacentJebelKatefehbasin(Fig1).Excavations
of arockshelter(ORF115)andanopen-airsite(ORF2)showedrepeatedbut short-livedoccu-
pationsthroughoutthemid to lateHolocene.Radiocarbonagesindicateapeakin occupation
during thesixthandearlyfifth millennium BC,followedbymoresporadicuseof thesiteuntil
therecentpast[1]. Thesitesarecharacterisedbysmallhearths,formedbymakingsmall
depressionsin thesand,around50cm in diameterand10to 20cmdeep.Mostof theidenti-
fiedhearthswereephemeralandwerelikely in usefor amatterof hours,ratherthandays,
thoughafewmoreelaborateonesarelinedwith stones.Thesehearthsweretypicallycovered
in smallstonesandgrinding stonefragments,with thelattersometimesshowingsignsof hav-
ing beenbrokenintentionallyprior to placementon thehearth.Grinding toolswerenumerous
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Fig 1. Map showingthe location of the JebelOraf sites.A: GoogleEarthsatelliteimageshowingthelocationof JebelOraf in
northernArabia.B:JebelOrafpalaeolakebasinshowingthelocationof sitesmentionedin thetext.Lakeextentismodelled basedon a
high-stand datedto around5300BC[17] C:Locationof hearthsatORF2,hearthswith grinding toolsselectedfor use-wearanalysisare
marked in yellow.On thesouthernedgehearthsareplacedon top of greylakemarl deposits.Bluelinesindicatealakehighstand
[reported in 1,17].D: StratigraphyandradiocarbonagesatORF115[reportedin 1], contextswith grinding toolsselectedfor use-wear
analysisaremarkedin yellow.Radiocarbon agein blackmayhavebeenmoved/contaminatedbyasnakeholeabove.

https://doi.org/10.1371/journal.pone.0291085.g001
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at thesite,with 154recoveredfrom ORF2,andafurther 11from theNeolithic layersat
ORF115.Thesetoolswereunevenlydistributed,with onehearthyielding45pieces,including
refit setswith up to 12individual pieces.Thegrinding stonesappearto havebeenusedto cover
thehearths±possiblyto containthefire or for usein cooking±buttheir originaluseremained
unknown.Thesheernumberof grinding tool fragmentsatORF2andORF115,andtheir delib-
eratebreakingandplacementon hearths,makethemakeyfeatureof thesites.Herewepresent
detailedresultsof use-wearandmicro-residueanalysisof fivegrinding toolsrecoveredfrom
JebelOraf,thatgivesomeinsightinto theproduction,use,andreworkingof theseartefactsand
allowareconstructionof someof theactivitiesthat took placeat theseNeolithicsites.

Background
Thesitesof ORF2andORF115arelocatedon theedgeof ashallowpalaeolakebasin(Fig1).
ORF2issituatedon agreylakemarl deposit,at thebaseof asandduneandwouldhavebeen
closeto theedgeof thewater.A totalof 170hearthshavebeendocumented(Fig1C),with
moststill visibleon thesurfacein theshapeof smallclustersof stonesthatwereplacedon top
of ashydeposits.Hearthsaregenerallyfound justbelowthemodernsurface,althoughstones
surroundingor coveringthehearthsarevisibleon thesurface(Fig2).Thepalaeolakeappears
to havefilled towardstheendof theHolocenehumid period.A numberof high lakestands
weredatedto thelate6th millennium BCandshownto havedestroyedearlierhearthsat the
site,causingash,bonefragments,andflakedstoneto becomemixedwith andembeddedinto
thelakemarl [17]. Thusfar,17of thehearthshavebeenexcavatedatORF2;excavationshave
shownthat thereis limited stratigraphyat thesite,beyondtheplacementof hearthson lake
sediments,whicharethemselvesembeddedwith theremainsof earlierhearths.

ORF115isastratifiedsiteinsideaclusterof bouldersthathasformedasmallshelter,
locatedat thebaseof JebelOraf,ashortdistancefrom thepalaeolake(Fig1D).Thelowerhalf
of thesequencedatesto thesixthmillennium BC,with lateruseof theshelterin theBronze
andIron Ages[1] Unlike ORF2,thegrinding toolsatORF115thatwereselectedfor analysis
werenot directlyassociatedwith (surviving)hearths,howeverasthesitehadbeenlootedtheir
positionmayhaverelatedto depositsthatwerelost[1]. JebelKatefeh(JKF100),just1 km to
thenorth of ORF2,appearsto havebeenagrinding stonemanufacturingarea(Fig3).Several
dozengrinding toolsarestill visibleon thesurface,clusteredoveranareathat isca30min
diameter.At leastthreecairnsweresubsequentlybuilt nextto thesiteandcanbedatedto the
laterHolocenebasedon theabsenceof rock varnish.Thesecairnsappearto havere-usedsome
of thegrinding toolsin theconstructionprocess.Thepaucityof otherlithicsat thesitesuggests
thiswasprimarily agrinding stoneproductionsite,testifyingto thelocalimportanceof this
technology.It ispossiblethatsomeof thegrinding toolsrecoveredin theJebelOrafbasin
camefrom thissite.

Faunalremainsrecoveredfrom ORF2andORF115suggestadiversesubsistencestrategy
with thehunting of gazelle,oryx,andpossiblyibexandthecollectionof ostricheggsalongside
thehunting or trappingof smallbirds.Fragmentsof ��	 and
���� mayreflectherdedlive-
stock[1]. Thispictureof amixedhunter/herdersubsistenceisalsoechoedathearthsites
recordedfrom thewesternNefudDesert[13]. At JebelOraf,ahighproportion of burnt bone,
andanabsenceof gnawingsuggestthat thefaunalremainsareassociatedwith theactualuseof
thehearthsandthediscardedbonesbecameincorporatedinto theburning events[1]. This
raisesthequestionwhetherthegrinding stonefragments,severalof whichalsoshowevidence
of burning,wereusedfor cookingor drying meat.

Contemporarysitesin theLevantarecharacterisedbyacomplexsubsistencestrategythat
mayalsohaveincorporatedopportunisticagriculture[seefor example:18,19].It is therefore
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Fig 2. Hearthsfrom ORF2andORF115.ORF2hearths(top 3) arenearthesurfaceandareshownbefore(left) andafter
(right) excavation.Tool 4wasfound in hearth136,andtool 5 in hearth63.HearthsatORF115wereembeddedin astratified
depositvisibleon theedgeof alootingholeandsubsequentlyexcavated.

https://doi.org/10.1371/journal.pone.0291085.g002
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possiblethatgraincultivation,or at leastgrainprocessing,playedarole in subsistenceatJebel
Oraf.Evidencefrom theeasternandcentralSaharashowtheimportant roleplayedbywild
plantswithin thebroad-spectrumeconomyof Mid-Holocenedesertdwellers[20±23];which
alsoincludedcattleandcaprineherding,hunting of smallandmediumsizemammals,and

Fig 3. SiteJKF100.Viewacrossthesite(top left) andaselectionof grindingstonesin varyingdegreesof preparation
throughpeckingandgrinding foundat thesite.Scaleis30cmlong.NotethatJebelOraf isvisiblein thebackgroundon
theleft of thetop left image.

https://doi.org/10.1371/journal.pone.0291085.g003
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ostrichexploitation,mainly for eggsandplumage[24,25].Plantspecies,especiallythewild
grassesin theeasternSahara,werelargelyprocessedwith grinding tools[15,26].Unfortu-
nately,dueto poorpreservation,macro-botanicalremainswerenot recoveredatJebelOraf,
despiteadedicatednestedsievingsamplingstrategy.Preservationof phytolithswasalsovery
poorandprocessingwasabandoneddueto verylow quantitiesof specimens[1].

In total,19top activestoneswerefound (12atORF2and7 atORF115),indicatingthat
somegrinding activitytook placeon siteprior to thebreakinganddiscardingof thebottom
passivegrinding stoneelements.Asthemajority of theseitemswerefoundon thesurface,
only afewof themweresuitablefor micro-residueanalysis,however,theassemblagewassuit-
ablefor use-wearanalysis,whichcanprovideimportant insightsinto their biography,includ-
ing thematerialstheycameinto contactwith during use.

Thebouldersforming theshelterof ORF115,aswellasnumerousotherbouldersin the
vicinity, aredenselycoveredin engravings.Severalquartzandquartzitepebblesrecovered
from ORF2showedextensivehammeringtracesthatareconsistentwith their useaspecking
stonesto createpetroglyphs[1]. While mostof theNeolithic rock art of northernArabiais
engraved,therock art at theJubbahOasisalsoincludesasmallnumberof paintedpanels[12].
It is thereforealsopossiblethatgrinding toolswereusedfor pigmentprocessing.

Materials
Thegrinding tool assemblagefrom ORF2includes150bottomstonesand12top activestones
(thelatterincluding threespecimensfrom sitereconnaissancein 2015not reportedin [1]). All
exceptsixgrinding toolsfrom ORF2weremanufacturedusingthelocaltabularquartzitic
sandstonebasementrock,with evidencefor grinding stoneproductiondetectedat thesiteof
JKF100in thebasinin front of neighbouringJebelKatefeh(Fig3).Thegrinding stonesat
JKF100areall quitethick (Fig3) in comparisonto thosefrom ORF2(wheremeanbottom
stonethicknessis just25mm), andit maybethat thinner piecesweretransportedfrom
JKF100to ORF2,or therewasanasyetunidentifiedproductionlocalityin theOrafbasin
wheretheORF2grinding stonesweremade.

Fourof theexoticpieces(abottomstoneandthreetop activestones)weremanufactured
usingavesicularbasalt(Fig4) whichrecallarawmaterialusedfor importedtop activestones
alongsidelocalquartzitebottomstonesat theNeolithicsitesof BeidhaandJilat7 in Jordan,
with apossiblesourcenearAzraqin theeastof thecountry[27].

Themajority of thebottomstonesshowaflat morphology,with amild concavitydevelop-
ing on themoreheavilyworn specimens.Only two dishedquernsoccurredin theassemblage
andoneof thesewasmadeon anexoticgranite(Fig4 bottom).Thebottomstoneedges
(N = 95)typicallywereformedfrom theunmodifiededgeof thesandstoneslabon whichthey
weremade(62%),but somewereshapedthroughunifacialandbifacialknapping(26%),some
throughpecking(11%)andgrinding (5%),andsomeacombinationof these.Thebottom
stonesin generalvariedin degreeof wearwith 19%groundon bothsurfaces,while12%did
not appearto havebeenusedatall. In threeinstancesholeswereboredinto thebottomstones,
including theexoticbasaltbottomstone(Fig4),andthemostheavilyusedspecimenthathad
worn throughits 31mm thicknessin thecentre(Fig5).Boringholesinto grinding stoneshas
not beendocumentedelsewherein theMiddle Eastto our knowledge,andwethink their likely
function wasfor attachingastrapasanadaptationto thehighlymobilelifewayof theJebel
Oraf inhabitants.Theholeson thenearcompleterefitting bottomstonehaveanasymmetrical
shapewith thenotchpointing towardsthenearestedgeof thetool andpossibleroundingon
theadjacentsideof thehole(Fig5),aswouldbeexpectedif thetool washungwith rope
threadedthroughtheholes.

PLOS ONE Plant, pigment, and bone processing in the Neolithic of northern Arabia

PLOS ONE | https://doi.org/10.1371/journal.pone.0291085 October 4, 2023 7 / 28

https://doi.org/10.1371/journal.pone.0291085


Thetop activestonesfrom ORF2mostlyhadtriangularsectionsfor useagainsttheheelof
thehand,but two wereflat.Someweremodifiedthroughpeckingandtwo mayhavebeen
usedaspestlesastheyhadbatteringon anarrowend.Eightspecimenshadmorethanone
groundsurface,with onepiecehavingfive.This,coupledwith thehighproportion of exotic
items(3/12)indicatesthelonguse-livesof thesepiecesin comparisonto bottomstones.

Thegrinding tool assemblagefrom ORF115wasdistinctivein characterto ORF2.There
werefar fewerbottomstones(N = 11)relativeto top activestones(N = 7) at therockshelter,
suggestingafunctionaldifferencebetweenthesites.While thebottomstonesweresimilar in
form, therewereno unusedpiecesand27%weregroundon bothsurfaces.Thetop active
stonesshowedmoreextensiveshapingthroughpecking(N = 4) andgrinding (N = 1),and
overhalfhadflat grinding surfaces.Thereisevenonepiecewith acupulepeckedinto its

Fig 4. Threegrinding tools from ORF2.(Top right) vesicularbasaltwith holeboredthrough;(top left) sandstonewith holeboredthrough;(bottom) granite
quern.

https://doi.org/10.1371/journal.pone.0291085.g004
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surface(Fig6).Two of themostextensivelyshapedtop activestoneswerefound togetherin
thelowestoccupationlayerin anapparentcache.Oneof thesehasapestlemorphology,sug-
gestingit wasusedfor poundingaswellasgrinding.

FromtheJebelOrafgrinding tool assemblage,fivespecimenswereselectedfor thepresent
analysisbasedon their recoveryfrom buriedcontextsin thecaseof four top stones,and

Fig 5. Refitting sandstonegrinding stonewith two holesboredthrough. Theupperimagesshowbothsurfacesof theintactholeblownup to
150%to highlight theasymmetricalnotchin theperforation pointing towardsthenearestedgeof thetool andpossibleroundingwearon the
adjacentsideof thehole.Scalein cm.

https://doi.org/10.1371/journal.pone.0291085.g005
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macroscopicallyvisiblewearandpigmentin thecaseof thebottomstone.Thefour top stones
werethetwo cachedpiecesandoneotherfrom ORF115,andonefrom ORF2trench10;while
thebottomstonewascomprisedof threerefitting fragmentsfrom thesurfaceof thehearthin
ORF2trench3.

Methods
Functionalanalysisof groundstonetool assemblageshasrarelybeenappliedto siteson the
ArabianPeninsula.Theonly exceptionis thework on starchresidues[28,29]at thesiteof
Muweilah,in theSharjahEmirate,United ArabEmirates(30,31).

Previouswork carriedout in theeasternSaharaandalongtheMediterraneanAfrican coast
[15,30,31]hasshownhowthecombinedapplicationof use-wearandplantmicro-residue
analysiscanyield important information from grinding tools,whichisnot otherwiseavailable.
This typeof analysiscanshedlight on thebiographyof theartefacts,thematerialprocessed
with them,and,moregenerally,thesubsistenceeconomyof thegroupswhichproducedthem.

Fig 6. Top activestonewith cupulefrom ORF115.Scalein cm.

https://doi.org/10.1371/journal.pone.0291085.g006
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For theplantmicro-residueanduse-wearanalysiscarriedout on theartefactsstudiedin
thispaper,wefollowedthesameprotocolsthatwerealsoappliedto theMid-Holocenegrind-
ing tool assemblagefrom theFarafraOasis,Egypt[15], whichdemonstratedplantexploitation,
bothascharacteristicwearandmicro-remains,from anumberof wild species.Thefivearte-
factsstudiedherewerefirst sampledfor plantmicro-remainanalysis,beforewashingthe
piecesfor use-wearanalysis.Sampleswereextractedfrom theexaminedstonetoolsto investi-
gatethepossiblepresenceof starchesandphytoliths,whichmayprovideinformation on the
useof plantsin dietand/or for craftpurposes.Unfortunately,no starchgranulesor phytoliths
wereretrievedfrom our samples.

Use-wearanalysison thearchaeologicaltoolswascarriedout at thePitt-RiversLaboratory
for ArchaeologicalScience,Universityof Cambridge.Beforeprocessingfor use-wearanalysis,
theartefactswerecleanedbybrushingthemgentlywith amediumhardtoothbrushandwash-
ing up liquid. Theitemsthenunderwenta60-minutesonicbathin waterandwashingup liq-
uid. Use-wearanalysisincludedboth low andhighmagnificationapproaches.Low
magnificationobservationandscanningof theselectedtools'surfacemicro-topographywas
conductedwith astereomicroscopeLeicaM250Catmagnificationsbetween8xand160x.This
enablescharacterizationof thetool'smicro-topographyanddetectionof particularmacro-
wear,suchaslevelledareas,fractures,edgerounding,andpolish,following thedefinitionsby
Adamsandcolleagues[32].

Subsequently,polish,andlineartraceson thetool'stopographyandon singlequartzgrains
wereobservedandcharacterizedthroughhighmagnificationobservationusingametallo-
graphicmicroscopeLeicaDM2700atmagnificationsbetween50xand200x,following the
approachdevelopedbyVerbaasandTsoraki[33], aswellasHayesandcolleagues[34]. Thefol-
lowingattributesof thepolishwereobservedandrecorded:type;locationandincidence;den-
sityanddegreeof linkage;development;reflectiveness;anddirectionality.Descriptionand
directionalityof striationswerealsorecorded.

Themicro-weardetectedon thetools'surfaceswasthencomparedwith thosepresenton a
purpose-builtexperimentalreferencecollectionof sandstoneartefacts,whichwasproducedat
theInstituteof HeritageScience,NationalResearchCouncilof Italy. In particular,thesetools
wereusedfor grinding dry sorghumandabradingadry caprinemetapodialin experiments
carriedout for differentlengthsof time.For thesereplicas,highmagnificationanalysiswasnot
carriedout on theactualtools,but on mouldsmadewith ahigh resolution,siliconbased,
impressionmaterial(Provil Novo1). Thisproductiscommonlyusedin use-wearanalysis
andprovedto beveryreliablefor recordingmicro-wear[35:88].Micro-graphsof themoulds
of theseexperimentsweretakenat theLaboratoryof TechnologicalandFunctionalAnalysisof
PrehistoricArtefacts,SapienzaUniversityof Rome,usingametallographicmicroscopeNikon
Eclipseatmagnificationof 100xand200x.Theinterpretationsof themicro-wearon the
archaeologicalartefactswerealsobasedon micrographsof theactualtoolswhicharepartof
theexperimentalreferencecollectionof theLaboratoryfor MaterialCultureStudiesatLeiden
University.Finally,comparisonswerealsomadewith theexperimentalreferencecollections
availablein theliterature[e.g.30,34±48].

Wewerecautiouswith theinterpretationof artefactscomingfrom exposedcontexts,which
mayhavebeensubjectto post-depositionalagentsthatcausedalterationsof their surface,mak-
ing thediagnosticuse-wearfeatureslessvisible[49±51].This is thecasefor themajority of
groundstonetoolsfrom ORF2,whichwerefoundexposedon thesurface.At ORF115Neo-
lithic artefactswererecoveredfrom sealeddeposits(Fig1D).Amongthefivesampledtools
oneartefactwasfrom thesurface,sowaspotentiallyaffectedbypost-depositionalagentsthat
partiallyhinderedmicro-polishdiagnosticfeatures.
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Results of the use-wear analysis

Grinding tool 1 ±ORF115(118)±Topactivegrinder/pestle
Grinding tool 1 isanirregularlyshapedfrustoconicalitem thathasbeenusedasagrinder/pes-
tle.Theitem ismadefrom reddishsandstoneandmeasures160x85x56mm (Fig7).The

Fig 7. Grindin g tool 1:Frustoconicalpestlefrom ORF115,context118.WS:workingsurface;White letterson blackdots:
Lowmagnificationphotos;Blackletterson whitedots:High magnificationphotos.(A) Loosequartzgrainswith abraded
surfaces;(B) Grainextraction;(C) Unlinkedpolishin connection with micro-residuesof redpigment(whitearrow);(D&E)
Highly reflectivepolishandabrasions(whitearrows);(F) Moderately reflectivepolishassociated with redpigmentmicro-
residues(whitearrow).

https://doi.org/10.1371/journal.pone.0291085.g007
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fragmenthasthreeworking surfaces:aslightlyconvexsurface(surface1),analmostunused,
slightlyconcavesurface(surface2),andafurther convexworking surfaceon thebaseof the
cone(surface3).Theuseintensityof thetool,asshownbymicroscopicobservationsaswellas
theoverallmorphologyandnumberof usefaces,appearslow to moderate,but thismaybean
underestimation,dueto theloosegranularityof thestoneleadingto therepeatedlossof sur-
facematerialduring use.

Grinding tool 1 ±Working surface1. At low magnification,theworking surface'stopog-
raphyissinuousandirregularandshowssomeflattening.Micro-topography doesnot show
heavyuse-wearandtheonly clearsignsof weararedistinctgrainswith abradedsurfaces.
Thesearespreadall overthesurface,andresultfrom bothmanufacturingprocessanduse.A
possibleexplanationof this lackof heaviertracescanbefound in therawmaterial'sgranularity
whichiscomparativelyloose.Quartzgrainsareattachedto eachotherbyalow presenceof
matrixÐthis wouldhavecausedaheavyextractionof quartzgrainsduring manufacturingand
use,favouringacontinuousprocessof rejuvenationof thesurface,andthuslackingheavyuse-
wear(Fig7A).

At highmagnification,thewholesurfaceshowsagranular,genericweakpolishandmicro-pol-
ishisnot welldeveloped.Somequartzgrainsshowanunlinkedpolish,whichismoderatelyto
highlyreflectiveandpresenton hightopographiesonly.Thistypeof polish,oftenin connection
with micro-residuesof redpigment,couldbeformedbyochreprocessing(Fig7C,whitearrow).
Someof thequartzgrainsarecharacterizedbyahighlyreflectivepolishon hightopographies,and
veryclearabrasions,resultingfrom contactwith mineralmaterial(Fig7D,whitearrow).

Grinding tool 1 ±Working surface2. At low magnification,topographyandmicro-
topographyof working surface2showthesametraitsassurface1,but without flattenedareas.
Towardssurface3 (thetool'sbaseandworkingedge)grainextractionsshowacleardirection-
ality whichis longitudinalanddiagonalto thetool'slongaxis(Fig7B).

At highmagnification,thewholeworking surfaceshowsagranular,genericweakpolish
andmicro-polishisnot welldeveloped.Equivalentto whatwasobservedon surface1,some
quartzgrainsshowabrasionsandahigh reflectivepolishon high topographies,whicharein
associationwith redpigmentmicro-residues(Fig7E,whitearrow).

Grinding tool 1 ±Working surface3. At low magnification,topographyandmicro-
topographyof surface3showthesametraitsastheothertwo.No clearweardirectionalityis
visible.

At highmagnification,thewholesurfaceshowsagranular,generic,weakpolishandahigh
numberof quartzgrainsshowaflat,highly reflectivepolishon high topographies,whichare
likely theresultof contactwith mineralmaterial.A moderatelyor highly reflectivepolishis
alsopresenton high topographies,andit isassociatedwith redpigmentmicro-residues(Fig
7F).No directionalityisvisible.

Grinding tool 1 ±Useinterpretation. Grinder / pestlefor pigmentprocessing.

Grinding tool 2 ±ORF115(118)±Topactivegrinder
Grinding tool 2 isanoval,flat top grinder,madefrom reddishsandstone,andmeasures
163x97x32mm (Fig8).Thetool hastwo grinding surfaces:onecompletelypreservedworking
surfacewhichis flat acrossits lengthandwidth (surface1),andonepartlypreservedworking
surfacethat is flat acrossthelengthandslightlyconvexacrossthewidth of thetool (surface2).
Basedon bothmacroscopicandmicroscopicobservations,theoveralluseintensityof thetool
ismoderate.

Grinding tool 2 ±Working surface1. At low magnification,thetopographyof working
surface1 is flat but irregularandshowssomeedge-roundedgrains.Thecentralareaof thetool
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showsthelightestuse-wearbecauseit wasprobablytheonemostlyaffectedby rejuvenation
activitiessuchasre-pecking,tracesof whichareclearlyvisibleall overthesurface.Themicro-
topographyshowsedge-roundedgrainsareconnectedandconcentratedaroundthecentral
area.Here,someof thequartzgrainsalsoshowahigherdegreeof wear;their surfacesare
abraded,contiguous,andsometimesamalgamate(Fig8A).Experimentalcomparisons,refer-
ring to dry boneabrading,areprovidedin theliterature[37:Fig6B,48:Fig2H]. Voidscaused
byseparategrainextractionscoverthewholesurface;someof them,whicharebothsuperficial
anddeep,circular in shape,andwith aU section,canberelatedto rejuvenationactivities(e.g.,
pecking).Grainextractions,closeto eachother,arealsoconcentratedalongthetwo edgesof
thesurface(deep,cometshaped,andwith aU section);theyshowacleardirectionalitytrans-
versalto thelongaxisof thetool,whichalsorevealsthedirection in whichthetool wasused.

Fig 8. Grinding tool 2:Oval, flat top grinder from ORF115(118).WS:workingsurface;White letterson blackdots:Lowmagnificationphotos;Blackletters
on whitedots:High magnification photos;Blackletters/numberson greydots:Replicaphotos.(A) Abraded,contiguous, andamalgamated quartzgrains;(B)
Smalllevelledareason hightopographies;(C,E,F) Granular,moderatelyreflectivemicro-polish; (D) Smoothandmoderatelyreflectivepolish(whitearrow);
(R1)Experimentalreplicausedfor grindingdry einkornwheatfor 600minutes;(R2)Experimentalreplicausedfor grindingdry emmerwheatfor 600minutes;
(R3)Experimentalreplicausedfor grindingdry sorghumfor 360minutes;(R4)Experimentalreplicausedfor grinding soakedbonefor 180minutes;(R5)
Experimental replicausedfor abradingdry caprinebonemetapodialfor 600minutes.(R1,R2,R4)Micrographsof theactualtools.Referencecollectionof the
Laboratory for MaterialCultureStudies, LeidenUniversity;(R3,R5)Micrographsof ProvilNovo1 moulds.Referencecollectionof theInstituteof Heritage
Science,NationalResearchCouncilof Italy,Rome.

https://doi.org/10.1371/journal.pone.0291085.g008
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Thesurfacealsoshowstwo differenttypesof polish:thefirst oneismoderatelyreflectiveand
visibleon highandlow topographiesof connectedgrainsall overthesurface;thesecondoneis
alsomoderatelyreflectiveandvisibleon thehigh topographiesof severalindividual grainsthat
arespreadall overthesurface.

At highmagnification,thesurfaceiscompletelycoveredwith apoorlygranularmicro-pol-
ish,moderatelyreflective,andin patchesthatareconnectedto eachother,occurringon high
topographiesaswellasintermediateareas(Fig8C).Thepolishismoredevelopedon high
topographieswhichonly showslightlevelling.Basedon thelackof distinctivemicro-polish
patchesandtopographylevelling,wethink this isnot theresultof contactwith domesticcere-
als,but with anothertypeof plant (possiblywild grasses?)(for comparisonsseeFig8R1-R3).
Randomquartzgrainsshowadifferenttypeof polish,smoothandmoderatelyreflective,
whichdevelopson high topographies(Fig8D,whitearrow).Thisdoesnot showvolumeand
distribution typicalof contactwith bone(for comparisonseeFig8R4,R5).It might beconsid-
eredasoneof theareaswhereplantmicro-polishstartsto link up.Consideringthatwe
detectedthis typeof micro-featureonly in fewsinglespots,wecannotexcludethepossibility
that it is theresultof postdepositionalsurfacemodification.

Grinding tool 2 ±Working surface2. At low magnification,thetopographyof working
surface2 is flat andregularwith edgerounding.Thesurfaceischaracterizedbyacentralarea
thatshowslow wear,mainlyedge-roundedgrains,possiblyrelatedto afirst stageof exploita-
tion of thesurface.High topographiesin thecentralareashowsomesmall,levelledareasin the
veryfirst stageof their formation (Fig8B).Thewholesurface,andin particulartheperimeter,
showgrainextraction,whichareseparated,bothdeepandsuperficial,circularin shape,and
with aU section.Thereisalsoanothertypeof extractedgrain,whichisclosedandconcen-
tratedon thecentralareaof thesurface;thesearecometshapedwith aU sectionandshow
cleardirectionality,both transversalandobliqueto thelongaxisof thetool.Thisconfirmsthe
directionof usealreadyidentifiedon workingsurface1.A moderatelyreflectivepolishis
developedall overthesurface,on highandintermediatetopographiesof connectedgrains.
Thecavitiesareproducednot only bygrainextractionbut alsobygrainfractures,whichmay
betheresultof rejuvenationactivities(pecking).

At highmagnification,thesurfaceiscoveredby thesamenot welldeveloped,granular,
moderatelyreflectivepolishthat isalsopresenton workingsurface1.Thissometimesdevelops
on thehigh topographiesof singlequartzgrainsor unlinkedsmallpatchesin thecentralarea
of thesurface.It canbelinked to plantprocessing(graingrinding) (Fig8Eand8F).

Grinding tool 2 ±Useinterpretation. Topgrinder for plantprocessing,with possible
contactof bone.

Grinding tool 3 ±ORF115(209)±Topactivegrinder
Grinding tool 3 isaknappedandground,irregularlyshapedtop grinder,with aconvexwork-
ing surface.Thetool hasoneworking surface,which isconvexacrossthelengthandslightly
convexacrossthewidth (surface1).Theremainingfivesurfacesareunusedandflat but irregu-
lar (Fig9).Theuseintensityof this tool appearslow.

Grinding tool 3 ±Working surface1. At low magnification,thesurfacetopographyissin-
uousandirregularwith edgerounding.Thesurfacedoesnot showsubstantialtracesof use.As
in tool 1,apossibleexplanationof this lackof well-developedtracescouldbetherawmaterial's
granularity.Quartzgrainsarelooselyattachedby low presenceof matrix,whichwouldhave
resultedin aheavyextractionof quartzgrainsduring bothmanufactureanduse,favouringa
processof rejuvenationof thesurface,whichthusappearslittle used.Micro-topographyshows
differenttypesof wear:connectedgrainextractionsarepresentall overthesurface;theyare
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deep,irregularin shapeandshowaU section(Fig9A).Connectedgrainmicro-fractures,both
superficialanddeep,arealsopresent(Fig9B).Polishisclosedandconcentratedalongthe
curvedfracturededge;it ismediumreflectiveanddevelopedon high topographies.Thesur-
facealsoshowsshortandshallowstriationswith aU section,whicharepresentin various
directions(longitudinal,transversal,andoblique),andareconcentratedtowardstheupper
areain proximity to thecurvedfracturededge.

At highmagnification,theworking surfaceiscompletelycoveredwith ageneric,non-diag-
nosticweakpolishdevelopedon high,intermediate,andlow topographies(Fig9E).Thetool
alsoshowsothertypesof micro-featureswhicharevisibleon afewrandomquartzgrainsall
overthesurface,suchasapitted/greasy,moderatelyreflectivepolishdevelopedon high topog-
raphies(Fig9C,whitearrow).Althoughcomparisonwith experimentaltools(seeFig9R1)
maylink thispolishto contactwith bonemarrow,athighmagnificationthetool doesnot
showthetypicalfeatureswhichusuallyresultfrom bonepoundingandcrushingactionsfor

Fig 9. Grinding tool 3:Knappedandground top grinder from ORF115(209).WS:workingsurface;White letterson blackdots:Lowmagnification photos;
Blackletterson whitedots:High magnification photos;Blackletters/numberson greydots:Replicaphotos.(A) Connectedgrainextractions;(B) Grainmicro-
fractures;(C) Pitted/greasy,moderately reflectivepolish(whitearrow);(D) Possiblepostdepositional surfacemodification(whitearrow);(E)Generic,non-
diagnostic,weakpolish;(R1)Experimentalreplicausedfor grinding freshox bone,andcontactwith marrowfor 60minutes.(R1)Micrographof theactual
tool.Referencecollectionof theLaboratory for MaterialCultureStudies,LeidenUniversity.

https://doi.org/10.1371/journal.pone.0291085.g009
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marrowextraction;for this reasonweinterpret thevisibletracesasresultingfrom possible
boneprocessing.Finally,somemicro-featuresdevelopedon high topographiescanbeinter-
pretedasapossiblepostdepositionalsurfacemodification(Fig9D,whitearrow).

Grinding tool 3 ±Useinterpretation. Topgrinder,possiblyusedfor boneprocessing.

Grinding tool 4 ±ORF2Trench10(152)±Topactivegrinder
Grinding tool 4 isatop grinderof unidentifiableshapewith oneworking surface(surface1)
that isconvexacrossthewidth. Thetool showsamediumuseintensity(Fig10).

Grinding tool 4 ±Working surface1. At low magnification,theworking surfacetopogra-
phy is flat andirregularwith flattenedareas(right half)andplateaus(left half).Thesurfacecan
bedividedinto threedifferentareas:theright part showsthemostdevelopedwear,with lev-
elledandpolishedareas;thecentralpartappearslessusedandshowsmainlyedgerounded
grains,grainextractions,andfractures,while theleft part couldnot beanalyseddueto the

Fig 10. Grinding tool 4:Top grinder from ORF2Trench10(152).WS:workingsurface;White letterson blackdots:Lowmagnificationphotos;Blackletters
on whitedots:High magnification photos;Blackletters/numberson greydots:Replicaphotos.(A) Short,shallow,andparallelstriations(whitearrows);(B)
Moderatelyreflective,granularpolish;(C) Shallow,parallel,andnarrowmicro-striations(whitearrow);(R1)Experimentalreplicausedfor grindingdry
einkornwheatfor 600minutes;(R2)Experimentalreplicausedfor grindingdry emmerwheatfor 600minutes;(R3)Experimentalreplicausedfor grindingdry
sorghumfor 360minutes.(R1,R2)Micrographsof theactualtools.Referencecollectionof theLaboratory for MaterialCultureStudies,LeidenUniversity;(R3)
Micrographof Provil Novo1 mould.Referencecollectionof theInstituteof HeritageScience,NationalResearchCouncilof Italy,Rome.

https://doi.org/10.1371/journal.pone.0291085.g010
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presenceof athick carbonatecrust.Micro-topographyshowsthefollowing features:levelled
grainsaresinuousandrough,developedon highandlow topographieson thewholesurface;
on theright half theyareconcentratedandconnected,while theyarelooseon thecentralpart.
A mediumreflectivepolishisconnectedandmainlycoverstheright halfof thesurface,both
on highandlow topographies.A fewshort,continuous,shallow,andparallelstriationswith a
U sectioncanbeseenalongthelongaxison theupperareaof thesurface,whichisalsolevelled
andpolished(Fig10A,whitearrows).Deepirregulargrainextractionsarepresentall overthe
surface.Theyarecloseto eachotheron thecentralareaof thesurfaceandseparatedfrom each
otheron theright one.Deepconnectedgrainfracturesarealsopresentbut only on thesur-
face'scentralarea.

At highmagnification,thesurfaceiscoveredwith severalconnectedpatchesof amoderately
reflectivegranularpolish,whichispresenton highandintermediatetopographiesandcoversthe
gapsbetweengrains.Thepolishisparticularlydevelopedon thesurface'sright area(Fig10B).It
doesnot showacleardirectionality,but in itscentralarea,thesurfaceshowssomeshallow,paral-
lel,andnarrowmicro-striations,obliqueto thetool'slongaxis(Fig10C,whitearrow).Thispolish
canbelinked to plantprocessing,possiblygraingrinding (for comparisonseeFig10R1-R3).

Grinding tool 4 ±Useinterpretation. Topgrinder for plantprocessing(graingrinding).

Grinding tool 5 ±ORF2(300)±Bottomgrinding stone/palette
Fragmentof anaturalslabthathasbeenknappedon theedge(Fig11).Flakescarsarevisible
on thelowersurface,andon oneendthedetachmentsarebifacial.Tool 5 hasoneworkingsur-
face(WS1),whichis flat andslightlyconcavetowardsthefracturededge.Theunderlyingsur-
facehasno developedwearbut doeshavepigmentresidueon two of its margins(Fig11S2).

Grinding tool 5 ±Working surface1. At low magnification,thetopographyof thework-
ing surfaceis flat, regular,andshowsflattening.Themicro-topographyshowsdifferentand
cleartypesof use-wear:edgerounding ispresentall overthesurfaceandit isconnected(Fig
11A).Levelledareasareconcentratedon anelongatedbandtowardsthecentralright areaof
thesurfaceandareconnected.A moderatelyreflectivepolishcoversthewholesurfaceandis
presenton highandlow micro-topographies;aseparatedandloosehighly reflectivepolishis
alsopresentanddevelopson high topographiesonly.Quartzgrainextractions,possiblycaused
byuseandnot by re-pecking,dueto theabsenceof quartzgrainfractures,areseparatedand
spreadall overthesurface;theyaresuperficial,circular in shape,andshowaU section.The
centralareaof thesurfaceshowsanothertypeof grainextraction(fine,comet-shaped,and
with aU section)with acleardirectionality,whichis longitudinalto thelongaxisof thetool.
Themicro-topographyalsoshowssomesuperficialfractures,separatedall overthesurface.
Micro-residuesof redpigmentarepresentalonganelongatedband,reddishin colour,which
stretchesbetweenthetwo brokenedgesof thetool (Fig11A).

At highmagnification,thepolishappearsgranular,moderatelyreflective,anddevelopedin
patches,whicharesometimesconnectedto eachother,or spreadoverlargeareas.It ispresent
on high topographiesandintermediateareas(Fig11C).A highly reflective,granular/pitted
polishisdevelopedon thehigh topographiesof singlegrainsor smallpatches.In somecases,it
showsdirectionalityandmicro-striations(diagonalto thelongaxisof thetool) (Fig11D,white
arrow).Theuse-wearfeaturespresenton thesurfacecanbelinked to plantprocessing(grain
grinding) (for comparisonseeFig11R1,R2).Althoughno clearmicro-polishcausedbycon-
tactwith mineralmaterialisvisibleon thetool, thepresenceof micro-residuesof redpigment
point to alikely reuseof theartefactasapalette.

Grinding tool 5 ±Surface2. Surface2 of this fragmentisunusedbut showsageneric
weakpolishandmicro-residuesof pigment(Fig11Band11E).
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Grinding tool 5 ±Useinterpretation. Bottomgrinding stonefor plantprocessing(grain
grinding),possiblyreusedasapalettefor pigments.

Discussion
Theimportanceof grinding toolsfor Neolithiccommunitiesliving in theJebelOrafbasinand
in thewiderJubbahOasisisevidentin their abundance.A greatdealof time andeffort was
investedin their production:manyshowedgerounding,shapingandre-pecking,andsome
evenhaveholesboredthroughthem,presumablyto facilitatetransport(Fig5).Despitethe
verytemporarynatureof theoccupationatORF2andORF115,Neolithicvisitorsbrought
grinding toolswith them±somemayhavebeenbroughtfrom nearbymanufacturingsitessuch
asJKF100,whileothersappearedto havebeencarriedfor longerperiods,until theyworethin
or broke.Followingtheir initial use,grinding stoneswerebrokenup into smallerpiecesto be
re-usedto coverfire places.Thisassociationbetweenhearthsandgrinding toolsfindsclose
parallelsin theeasternSahara,wheregrinding toolsarefrequentlyassociatedwith theso-called
�
������
��, smallhearthsthatarecoveredwith smallburnt stone-clustersat temporarycamps
[52,53].Perhapssurprisingly,grinding toolsappearto havebeencloselytied to theactivities
andresourcesassociatedwith temporarycampson theedgesof palaeolakes,likely connected
to thevegetationor wildlife that theselocalitiessupported.

Our resultsshowthatgrinding toolswereusedfor arangeof differenttasksatJebelOraf,
includingplant,pigment,andboneprocessing,andweresubsequentlybrokenup,re-usedas

Fig 11. Grinding tool 5.Bottomgrindingstone/ Palettefrom ORF2(300).WS:workingsurface;White letterson blackdots:Lowmagnificationphotos;Black
letterson whitedots:High-magnificationphotos;Blackletters/numberson greydots:Replicaphotos.(A) Grainedgerounding;(B) Residuesof redpigment;
(C) Granular,moderately reflectivepolish;(D) Granular/pitted polishwith micro-striations(whitearrow);(E)Genericweakpolishandmicro-residuesof red
pigment;(R1)Experimentalreplicausedfor grindingdry einkornwheatfor 600minutes;(R2)Experimentalreplicausedfor grindingdry sorghumfor 180
minutes.(R1)Micrographof theactualtool.Referencecollectionof theLaboratoryfor MaterialCultureStudies,LeidenUniversity; (R2)Micrographof Provil
Novo1 mould.Referencecollectionof theInstituteof HeritageScience,NationalResearch Councilof Italy,Rome.

https://doi.org/10.1371/journal.pone.0291085.g011
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fragments,thenabandonedat thesite.Possiblesecondaryfunctionsof grinding stonefrag-
mentsmayhavebeento covertheembersaftertheuseof thehearth,or perhapsto usetheir
surfacesfor cookingor drying foodswhenthefire wasalight.Someof thetoolsthatshowed
wearassociatedwith plantprocessingwerelaterre-usedaspigmentpalettes.Thefrequentuse
of grinding toolsatORF2,coupledwith thehighmobility attestedin theephemeralcharacter
of thesite,mayexplaintheperforationof someof thebottomelementsto facilitatetransport.

Thethreeanalysedtoolsfrom ORF115werefound in sealedcontexts,directlydatedto the
Neolithic.Tool 1 and2 wererecoveredfrom context118,at thebottomof theexcavated
sequenceandradiocarbondatedto 6000±5900BC.Tool 3 wasrecoveredfrom theedgeof a
hearthin context209,in themiddleof thesurvivingstratigraphicdeposit,radiocarbondated
to 5304±5209BC(Fig1,Table1).Tool 4and5wereboth recoveredfrom thesurfaceof hearths
atORF2.This introducessomeuncertaintyin their age,particularlyasmostof thehearthsat
thissiteareverycloseto thesurface,andthemajority of thegrinding toolswerefound resting
on top of thehearthsandthuson themodernsurface(Figs1 and2).However,theprevalance
of grinding toolsin Neolithiccontextsandsimilaritiesin thewaytheyweremanufacturedsug-
geststhateventoolsassociatedwith laterhearthswerelikely re-usedpiecesfrom earlierNeo-
lithic contexts.This isparticularlyevidentatORF2,wheregrinding stonefragmentsthatcover
Neolithichearthsarestill visibleon thesurfacetodayandform areadilyavailablesandstone
resourceatalocationthat isotherwisedominatedbysandandlakemarl.However,for surface
findssuchastool 5 wecannotexcludethat re-useof thetool for pigmentprocessingoccurred
in laterperiods.

Plant processing
ExcavationsatORF2andORF115did not revealmacro-botanicalremains,despiteextensive
sieving,presumablydueto poorpreservation.Use-wearanalysisnowconfirmsplantprocess-
ing in at leastthreeof thefiveanalysedgrinding tools(tools2,4 and5) at thesesites.Although
wecannotcurrentlysayexactlywhatplantswereprocessed,wild grassesseemlikely basedon
comparativesamples.Thetime andtechnologicalinvestmentin grinding plantshighlights

Table1. List of analysedgrinding tools,descriptionand interpretation. ��ProbableNeolithicgrinding tool fragmentre-usedon aMiddle Islamic hearth.

Tool
No

Site Context Tool type Material Weight Dimensions Preservation Number of
grinding
surfaces

Interpretation Associated
14Cage

1 ORF115 118
(occupation
deposit/cache)

Grinder /
Pestle

Reddish
sandstone

914g 160x85x56mm whole 3 Pigment / mineral
material
processing

6010±5900
calBC

2 ORF115 118
(occupation
deposit/cache)

Top
grinder

Reddish
sandstone

740g 163x97x32mm almostintact (halfof
surface2 is not
preserved, but thethree
measurementsare
preserved)

2 Plantprocessing,
possiblecontact
with bone

6010±5900
calBC

3 ORF115 209(edgeof
hearth)

Top
grinder

Reddish
sandstone

406g 90x50x51mm almostintact (part of
theworkingsurfaceis
missing)

1 Possiblebone
processing

5304±5209
calBC

4 ORF2,
trench
10

152(fill of
hearth);H136

Top
grinder

yellow/
greyish
sandstone

269g 59x75x48mm
(lengthisnot
preserved)

mesialfragment 1 Plantprocessing -
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https://doi.org/10.1371/journal.pone.0291085.t001
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their importancein theNeolithiceconomyof northernArabia,with plantslikely ground,
cooked,andconsumedat thesite.

Thereiscurrentlyno evidencefor theuseof domesticatedgrainsin theNeolithicof north-
ernArabia.However,processingof wild grainsandtubersarewellattestedat theNatufiansite
of Shubayqa1 in easternJordan,wheretheyweregroundinto flour andbakedinto bread-like
products[54]. Exploitationof similargrinding toolsfor processingwild grasses(especiallysor-
ghum)wasalsoevidencedin contemporaryandenvironmentallysimilarcontextsof theeast-
ernSaharaoases[15,20,26].Processingof wild grainsandtubers,processingof domesticated
grainsandotherplant foods,aswellasprocessingof plant fibresfor non-alimentarypurposes
suchasbasketor ropeproductionandothercraftsthereforeremainpossibilitiesatJebelOraf.
Giventhelayoutof themoresubstantialhearthsfoundatORF2,whicharelinedwith large
stones,themakingof bread-typefoodsisplausible,especiallyif thesecouldbeusedaseasily
transportablefoodstuffs(assuggestedfor Natufianhunter-gatherersin easternJordanby
Arranz-Otaeguiandcolleagues[54]).

Boneprocessing
Evidencefrom faunalremainsshowsthatburning of boneswasdirectlyassociatedwith the
useof hearths[1] andthatmeatwascookedandconsumedat thesite.Identifiedspecies
includebothwild anddomesticspecies:cattle,gazelle,sheep/goat,andoryx,aswellasostrich.
Fragmentationwashigh,whichwasattributedto poorpreservation[1]. Use-wearanalysis
indicatesthatgrinding toolswereusedfor theprocessingof animalmaterialsandbone.Some
of thebonefragmentationobservedatORF2andORF115mayhavebeencausedby thebreak-
ing of bonesto accessbonemarrow.Bonemarrowhasbeenshownto havebeenareliable
sourceof fat in theearlyHoloceneof thesouthernLevant[55] andthismayalsohavebeenthe
caseatJebelOraf [1]. Theextractionof bonemarrowrequiresmoreeffort thanmeat,but less
effort thantheextractionof fat [56:142],andmarrowmayhavebeenavaluablesourceof food
in themarginalenvironmentof theNeolithic in Jubbah.Althoughbreakingor crushingof
bonewasnot confirmedbyuse-wearanalysis,evidencefor boneprocessingatJebelOraf
might relateto marrowextraction,asafurther facetin thediverseexploitationof animal
resourcesin anenvironmentwheresuccessivewetphasesanddroughts[57] mayhave
requiredNeolithichunter-herdersto adaptto periodsof abundanceandscarcity.

Pigmentprocessing
TheNeolithic rock art of northernArabiais iconicandthousandsof engravingsdepicting
hunting scenesandcattleherdshavebeendocumentedin recentyears[12,58].However,
despitethisabundance,evidencefor theuseof pigmentin Neolithicart hassofar beenabsent,
with theexceptionof asinglepaintedrock that formedpartof amustatil[11], andasmall
groupof paintingsatJebelQattar[59]. Conversely,theuseof pigmentin rock art iswell
attestedfor theIron Ageandhistoricperiods[60]. In our analysespigmentprocessingwasevi-
dentin two of thefivesamplesasoneof theactivitiescarriedout by thelocalNeolithicgroups.
Moreover,two largerpiecesof redshaleweredocumentedduring excavationsatORF2,oneof
whichwasalargeflake(Fig12).Thispiecewasassociatedwith hearth88,whichwasradiocar-
bondatedto 5293±5068BC[1]. Multiple sourcesof this redshalewereobservedat thebaseof
at leasttwo jebelsin theJubbahOasis.At JebelOraf two bandsof redshaleappearto stretch
acrossthesandstoneandin somelocations,thereisevidenceof pastextraction(Fig13).Our
resultsnowshowthat redshalehasbeenprocessedin Jubbahsinceat leasttheNeolithic
period.Onefunction of thepigmentwasits usein rock paintings.A smallgroupof painted
cattleatJebelQattar,approximately28km to thenortheast,on theeasternendof theJubbah
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palaeolakebasincanbeattributedto theNeolithicperiodbasedon their contentandstylistic
criteria[59], with our resultsfurther supportingthisassessment.

Somepaintedpanelsshowtheuseof at leasttwo differentshadesof red.Forexample,Fig
14(top) showssomegeometric,rectangularshapesin adarkerred,andtwo cattlein alighter,
moreorangeyred.Bothshadesof redarealsovisiblein theshaleseamsthatwereidentifiedat
JebelOraf (Fig13,top right), with similarshalesourcesalsoobservedatotherJebelsin theJub-
bahOasis.Paintedrock art wasalsorecordedatJebelOraf,whereseveralpanelsof engraved
andthenpaintedimagesof uncertainagewererecorded(Fig14,bottom).Our resultsshow

Fig 12. Shaleflake from ORF2associatedwith aNeolithic hearth (hearth 88).Fromleft to right: theplatform(probablytheoriginallyexposed
surfaceof theshaleseam),theventralsurface(with anarrowindicatingthedetachmentforcedirection),andthedorsalsurface.Scalein cm.

https://doi.org/10.1371/journal.pone.0291085.g012
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that thewidelyavailableredshalewasexploitedfor pigmentproductionmorecommonlyin
theNeolithic thanpreviouslyknownandcontinuedoverseveralmillennia.It is thereforepos-
siblethatoriginallymoreNeolithicpaintingsexisted,whichhavenowbeenlostto erosion.
Notably,Neolithicpaintedart iscurrentlyonly visibleon themostshelteredrock art panelsin
theJubbahbasinandon asinglepaintedrock that formedpartof amustatilin thesouthern
NefudDesert[11]. However,theprocessinganduseof pigmentfor otherpurposes,for exam-
pleto colourmaterialsor for cosmeticsalsoremainapossibility.

Conclusion
Theresultsfrom our use-wearanalysesconfirm thatgrinding toolsatJebelOrafwereusedfor
arangeof purposes:processingplants,bone,andpigment.Theassociationof theanalysed

Fig 13. Shalesourcesat JebelOraf. (Bottom)Excavationof hearth145,Trench4atORF2.JebelOraf isvisiblein the
background;shalesourcesaremarkedwith arrows.(Top) photographsof shaleseamsidentifiedatJebelOraf.

https://doi.org/10.1371/journal.pone.0291085.g013
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toolswith theNeolithicallowsfor insightsinto thesubsistenceacvititiesof thisperiod.Three
of thefivetoolsshowedevidenceof boneprocessing.Fragmentationof bonesobservedat
ORF2andORF115suggeststhatgroundtoolsmayhavebeenusedto breakopenbonesand
accessthemarrow,perhapsanimportant sourceof nutrition thatcouldbestoredfor several
weeksto provisionlongjourneysacrosstheNefud[seefor example56,61].On threetools
use-wearanalysisidentifiedevidencefor plantprocessing.Theapparentlycommonuseof
grinding toolsfor plantprocessingandtheoverallabundanceof grinding toolsatORF(with

Fig 14. Paintedrock art in the wider JubbahOasis.(Top left) Panelwith two cattleatJebelQattar.(Top right) Photoenhancedwith
DStretchsoftware,ldssetting.(Middleleft) Paintedcattlewith triangulardecorationatJebelQattar.(Middle right) Photoenhancedwith
DStretch, yrd setting.(Bottomleft) Twoengravedandpaintedostrichesfrom JebelOraf.(Bottomright) Photoenhanced with DStretch,
yrd setting.

https://doi.org/10.1371/journal.pone.0291085.g014
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162recordedatORF2alone)suggestsplantsandplant foodswereeconomicallyimportant for
Neolithicpeoplewhohavepreviouslybeencharacterizedashunter-herders.Theproduction
of bread-typefoods,whetherfrom wild or domesticatedplantsources,andtheuseof plant
fibresin craftssuchasbasketryandropemakingwouldaccordwellwith ahighlymobilelife-
stylerequiringtransportablefoodstuffs.

Two of theanalysedtoolsshowedevidencefor pigmentprocessing(tool 1 and5), including
onetool from asecurelydatedandsealedNeolithiccontext.Thisprovidesacruciallink to
rock art productionin thearea,whichincludessomepaintedNeolithicpanelsof domesticated
cattle.Thediscoveryof redshalepiecesin Neolithiccontextssuggeststhatpaintedrock art
mayhavebeenmorecommonin theNeolithicof northernArabiathanits surviving
distribution.

Our researchhasshownthat theapplicationof use-wearanalysisto grinding toolscanyield
significantnewinformation that isotherwiseunavailable.This typeof analysishasonly rarely
beenappliedto archaeologicalmaterialsfrom theArabianpeninsula,but caninform uson the
manufacture,use,andre-useof objects,which in turn providesinsightinto thesubsistence,
economy,andart of thepeoplewhoproducedthem.
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