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Abstract

An extensivein situ Raman spectroscopic campaign was performed ora@mtbgical
sites in three different provinces in Patagoniageftina (Neuquén, Rio Negro and
Chubut). 16 open air shelters located in differenvironments (forests, ecotones,
steppes) were investigated and interpreted in teohspigments used and the
identification of substrata. Special attention vgagen to the alteration products and
accretions that were found on the rock art paistiofthe shelters and on the surface of
the rock walls, as they can affect and damagenttaignificent works of art. Haematite
(0-FexO3) was the main chromophore that was found on tleaintings of the most of
the shelters studied. The green earth glauconds,iglentified only in one case, by using
a red (785 nm) and a green laser (532 nm). Otlweerals and silicates were found on
the couloured areas but also on the rock suppoatcit€ (CaC@ and gypsum
(CaSQ+2H,0) crystallization was identified on the paintingajsts and rock surfaces, in
combination or alone, and are associated with veeigty. In some cases the shelters
were so severely degraded that no Raman signalgofegmts and/or other components
could be retrieved. Calcium oxalates were alsedetl in several figures and motifs in

different shelters.
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1. Introduction

Physicochemical analysis of the composition of male and pigments is currently
becoming a standard analytical procedure in ardbggoand particularly in rock art
studies [1-3]. In this way, the analysis of pignsefitom both rocky supports and
excavated samples allows us to answer key archgiealoquestions related to their
technological, stylistic and/or temporal aspect8][4As a consequence, the active and
continuous communication between archaeologistemats and physicists has
promoted interdisciplinary investigations, genergtiworking protocols to reach

methodological and even interpretive consensus [9].

Patagonia (Argentina) hosts a remarkable amounpawfted rock art found quite

commonly from the North to the South. The rockpaintings can be found ranging of
single multi- and/or mono-coloured panels to mavphssticated multipanel ones. The
examination of these prehistoric works of art, corald with archaeological studies in
the Patagonian field from several archaeologidassiprovides rich knowledge of the
local hunter gatherers populations and a deepeasratathding on their practice inside the
environmental systems (forests, ecotones, steppéifhin these different, hostile and

remote environments, hunter-gatherers groups denated great mobility [10-11].

In general, micro-Raman spectroscopy is a powetdal of the investigation of
pigments, degradation products and substrata ik ast paintings [12-15]. Minimal
samples can be brought in the laboratory and medsuwitro down to a micrometer-
scale [16]. In cases that the invasive charactethisf approach cannot be justified,

mobile Raman instrumentation can be employed. tn, flnere are several studies in
3



literature describing the use of portable Ramamtspmeters [11, 17-18] in field studies
with excellent results on the characterization afnmgents, crusts and substrata.
Moreover, by bringing such instrumentation to the the preservation state of the work

art can be monitored directly.

Studies in Argentina focused mainly on the charagon of pigments from different
archaeological contexts by means of multiple, nortgble techniques [5, 9, 12, 19-27].
However, most of these studies did not specificatlglress the degradation processes
that affect the rock art motifs and the preservastate of the archaeological sites in
general. Moreover, severe degradation and/or thictustations encapsulate the actual
painting in between layers to the point that it Imige not visible anymore. Therefore,
we consider it necessary, next to the pigmentstifteation, to study also those factors
in detail that cause the deterioration of the rark paintings and have important
implications when studying the main chromophoresduly the hunters and gatherers
societies. These factors are usually describedanegpically in the field and afterwards
investigated microscopically in the laboratory fdat, there are few studies dedicated to
the in situ analysis of degradation and taphonomic proceskesck art pigments and

rock supports [28-30].

The current research focusses onithgitu investigation of rock art paintings in 16 open
air shelters found in the forests and ecotoneseafghén and Rio Negro and the steppe
at Chubut. The study includes the identification pfments and substrata. Great
attention is given to the alteration products amdretions that were found on the
paintings of the shelters and on the surface ofabk walls, as they affect and damage

the rock art paintings. This work builds on a poex study on the evaluation of our
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portable Raman spectrometer to analyse rock amtipgs under extreme conditions in
Patagonia (Argentina) where a more detailed deswmnipof the literature and the

possibilities of Raman spectroscopy on rock amtoags is given [11].

The information obtained by on field measuremestsfigreat importance as an initial
step prior to the physicochemical characterizatibthe rock art pigments, since by this
way we can identify and differentiate on site bedwenatural processes and the
intentional (cultural) ones. In this sense, the afsportable instruments gives us critical
information regarding the different sectors of e that may be affected by different
processes. At the same time, the information retddrom this kind of analysis allows
us to select in a more objective way those motifst,t due to their distinguishable
characteristics and/or archaeological interest, ulshobe further investigated, or
eventually, conclude if extraction of samples ixessary for a more comprehensive

analysis at the laboratory.

2. Experimental

In situ Raman spectroscopy was performed with a portallRaan-1 dual Raman
analyser from TSI Inc. [31]. The fibre-optics-baspe@ctrometer is a double laser system
coupled with a red diode laser (785 nm) and a giedrYAG laser (532 nm). The
spectrometer is equipped with three interchangelddsises for each wavelength: a
standard lens (STD), a long working distance 1&W§[D) and a high numerical aperture
lens (HINA). For measuring the Patagonian rockparhtings the standard objective lens
was selected that has a focal length of ca. 7 naraaircular spot size of 74 £ 2 um and

88 £ 2 um for the 785 nm and 532 nm laser, respagti The laser power was kept
5



low, to avoid alterations of the components measwa. <30 mW (785 nm) and <8mW
(532 nm). The spectrometer is a two grating systeith a spectral resolution of 6-
7 cm® and spectral ranges of 100 — 2350'caemd 100 — 3200 ct for the red and
green laser, respectively which includes a TEC@d}50°C) charge-coupled-device
(CCD) detector. The portable EZRaman-I dual Ramzadyaer is equipped with 5 m
long fibre-optic cables for measuring remotely fridme object and with an internal and
an external Li-ion battery that secures the autgnaithe system. The laptop for
recording the spectra and all components of pleetsometer are built-in in a suitcase
(55 x 35.5 x 24 cm, ca. 17 kg). The suitcase cacabeed on a metallic exoskeleton for
easy transportation in the field. To avoid intezfeze of ambient light a plastic tube with
a protective foam layer was slid over the standsbjctive lens. The probehead was
manually positioned, perpendicular and in compétetetact with the selected area. For
maintaining the focussing during the process, nreasent time and number of
accumulations were selected to obtain good speathaacceptable signal-to-noise (S/N)
ratios. Wavelength calibration was performed witlpbur, epsilon-caprolactone (Acros
Organics), cyclohexane (Kaiser), polystyrene pel{@iddrich) and acetonitrile (Panreac)
toluene (UCB) (mixed in 50/50 volume%3R]. Data post-processing performed by using

Thermo Grams/Al 8Dsuite software (Thermo Fischer Scientific).

3. Results and discussion

3.1 Environments, Shelters and Rock Art Painting Stdied

The portable Raman measurement campaign starfédrth Patagonia, investigating the

Shelter Cueva Olate (Neuquén province) and end#tkisteppe in Piedra Parada Valley
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(Chubut province). Different environmental condisoaffect the paintings, and also
environmental pollution adds damage to the artsfabt the wet forests, rock art
paintings are found high in the mountains on renmutees, away from busy road
arteries. In the steppes, the shelters are mudercko the road and are accessible to
possible visitors [11]. As a consequence, are maheerable to vandalism. Moreover,
as all sites are in open air, they can also sesv&halters for animals. This can increase

their decay and further damage the artefacts.

3.1.1 Traful Area, Neuquén Province

The archaeological sites of Traful are locatecomne$t areas of the northern coast of Lake
Traful, Nahuel Huapi National Park, and in the nhdénd upper valley of the
homonymous river, in south of the Neuquén Provir@arrently, in general terms the
weather is cool, temperate and humid, with an @eerannual rainfall for the area
estimated close to 1,400 mm [33]. The average tesye in the hottest month
(January) is ranging from 14 to 16 °C and in thielest month (July) from 2 to 4 °C with
frequent snowfalls. The rainfall regime is deteretirby the humid winds of the Pacific
anticyclone and the Andes mountain range, whicls & a natural barrier in its

movement towards the east.

From the phytogeographic point of view, the arebbcsited within the subhumid mixed
forest of “coihue” Nothofagus dombeyi “cypress” QAustrocedrus chilensjs "fiire"
(Nothofagus antarctigaand "lenga" (Nothofagus pumilio), correspondinghe eastern
part of the Valdivian District, Subantarctic Prosen[34]. In general, in the northwest of

Patagonia, the forest becomes denser towards tbieinvhe subhumid forest of coihue
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(Nothofagus dombeyicypress, and even more "closed” in the humiddir of coihue
and cane “coligie” Chusquea culgu According to V. Markgraf in 1989 [35], the
cypress/coihue-steppe line is found in the 800 mohieta and from 2000 mm on, the

first elements of the "Valdivian forest" appear.

Archaeological research in the area of the NahuspH Lake-Traful National Park,
Neuquén province, Argentina-began in the 19809Vibgilveira, in order to discuss the
human use of natural forest environment [36]. Dgirthis project, excavations and
surveys were conducted at different archaeologtak situated 300 to 3500 meters
away from the northern bank of the Traful Lake amthe middle- and upper-valley of
the Traful River. The cultural remains correspomdhtinter-gatherers occupations, dating
since 4000 years BP. The landscape is characteaizead ecotonal environment between
the rain forest and the steppe, showing a highrsityeand availability of minerals,
fauna and plant resources. At Los Cipreses (Ndrthraful Lake), which was sampled
before, the rock art consists of red and yellowood, with simple geometric shapes
[37]. Currently, a high degree of degradation isesled on the aforementioned site. The
paintings of the shelter Alero Las Mellizas are tlyogeometric shapes, with some
figurative motifs (animals and humans) (fig. 1 ajnbining red, yellow, orange, white,
black and green pigments [38]. On the south sidia@fiake, the shelter Cueva Olate is
located. This particular shelter is well preseraed has a special interest as its rock art
presents a different painting technique: all theifmavere outlined with a white line and
filled in another colour, mostly red, green andckl#fig. 1 b). Moreover, the lines are
mostly staggered. Diamonds, circles and humaneele designed from the union of

two triangles.



On a white rock art painting of the shelter Cuevat® band attributed to (Fig. 2 a)
whewellite (Ca@GO4-H,O) [17, 39-41],0-quartz [42-43] and anatase (L)J44] are
identified, where on a red rock art painting (F2d2) the main chromophore corresponds
to haematite o-Fe03) [39, 45]. Moreovera-quartz [42-43] and anatase [44] are also
present in the red mixture. The band at 512' ¢fig. 2 b) can also be attributed to the
strongest Raman bang, of potassium-rich alkali feldspar (K-feldsparpb[4In addition

to the Raman spectra, the general analysis ofiteaesealed the presence of gypsum
(CasSQe2H,0) on the white rock art paintings but also on sahthe red ones. For the
green and black rock art paintings no informatidow the main chromophore is
obtained via portable Raman spectroscopy exceph fnaxtures of components that
were already identified on other coloured areasveak signal of whewellite was, also,

observed on the rock surface of the shelter.

Bands of gypsum [47-48] and haematite [39, 45].(Eig) are identified on a red rock art
painting from the shelter Alero Las Mellizas. Itwerth mentioning that, some bands,
with difference in intensities, of haematite andoglym are overlapping the overall
Raman signal for these wavenumbers is affectedty tompounds in the mixture. The
presence of a band at 657 trorresponds to distortion of the degree of criistgt of
the haematite matrix [45]. Gypsum [47-48] was idfead on a green rock art painting
(Fig. 2 d) but also on all the coloured (white,,reellow, black) figures measured and on
the rock surface. Probably, gypsum is the main roogghore of the white paintings
although can also be related to a post-degradptioress or accretion on top of the rock
wall affecting figures and motifs. More studies glibbe carried in order to positively
attributed its presence as a pigment. Special tasteshould be given to the vibrations

arising at 1023 and 630 ¢m(Fig. 2 d) as these can be attributed to more thram
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sulphate species. The band at ca. 1024, amas observed, on spectra collected from red,
green and white (in mixture with red) rock art geags. Calcium oxalates in the form of
whewellite and weddellite (CaO,-2H,0) anda-quartz are also present mostly on the

coloured figurative motifs of the shelter.

3.1.2 Limay River, Nahuel Huapi Lake, Gutierrez Lake and Mascardi Lake Areas,
Rio Negro Province

In the area containing the upper basin of the Limagr and large lakes such as Nahuel
Huapi, Gutiérrez, and Mascardi, a total of 8 sitth rupestrian paintings were

analyzed. This area covers an extensive regiorhénRrovince of Rio Negro, with

different environments ranging from the pastur@se passing through an intermediate
or ecotone area, to an area full of native Andeatadgdnian forest. In this area the forest
environment has very similar characteristics witbhse from the Traful area described
above. In contrast to this, the Limay River valllgated about 60 km east of the Andes
mountain range, is already in a typical herbacesteppe environment composed of
"sweet coirdn" Festuca pallecens various Stipa species and small isolated bushes.
Towards the east the "nened®dlinum spinosumbecomes more frequent. The annual
average precipitations are inferior to the forest acotone with an average of 600 to 800

mm per year [33].

Archaeological evidence from this area accounts Homan occupations of hunter-
gatherer groups from ca. 10600 years BP until postguest periods [49]. These groups
would have had access to a wide variety of ressumte relatively short distance of

about 30 km. In this sense, mobility and subsisepatterns have been proven by
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archaeological evidence, to be focused on the gupmdl use of these resources from

different environments [50].

The archaeological site Alero Maqui (Fig. 1 c)asdted ca. 55 km to the south from the
source of the Limay Superior River. This small srels located at the base of a high
wall formed by tuffs and is surrounded by vegetatioharacteristic for the ecotone
steppe forest. The site presents a total of 28figomative motifs of geometric shapes,
simple as well as compound. One of its most rentdekéeatures is the presence of
different colours that are combined a bichromat golychromatic paintings: red,

yellow, white and green [51]. The physicochemidatges previously carried out on the
different pigments of the motifs showed the presasfchaematite, limonite, gypsum and
muscovite [52]. Rocks near the site were analyzetidentified as possible sources of

raw materials for the preparation of the paintiagsept for the green colour [52].

Another set of analyzed sites are very close td edhber, located in the forest lake
environment about 20 km west of the city of Sanlésade Bariloche, and near the El
Trébol lagoon, Lake Nahuel Huapi and Lake Moren® Site El Trébol is a wide shelter
of Toba rock near the lagoon of the same namerecatds an extensive chronology of
human occupations that began some ca. 10600 BP A49lor their rock paintings, a
total of 28 motifs have been identified mainly edrand yellow, where simple and
complex non-figurative designs predominate, and es@mthropo-zoomorphic designs
stand out [53-54]. Preliminary chemical analysesaak pigments and pigments from
the stratigraphy of the site confirmed the preseicgkaganeite in both contexts for red
and albite and gypsum for yellow motifs [55-56]n&lly, the analysis of the support

rock tend to support that the pigments used forpdiatings may have been obtained

11



from the same shelter [55]. The sites Campanaaiallll, are located about 1000 m from
the previous site and in this case also their pagatare in red and present geometric
designs similar to those observed in other sitab@farea [57]. In the Lake Moreno, ca.
2.5 km from Nahuel Huapi Lake, the site that weehaalled Lago Moreno East is

located on the east coast and also has rock pgentihsimilar characteristics, made in

red and also with figurative designs similar toshof the site El Trébol [53].

The third set of sites are located further soutths middle of the Patagonian Andean
forest and near the Gutiérrez, Mascardi and GuailleLakes. The site Queutre Inalef
(Fig. 1 d), located 1 km from Lake Gutierrez, i$aege isolated rock block of granite
origin, which registers a total of 60 motifs madeed and its shades with simple as well
as complex geometric designs [58]. On the otherdhdine site that we call Lake
Guillelmo (by the near lake with the same name) glesents similar characteristics on
the designs, all painted out with red color, aldffout presents other types of motifs,
mainly quadruple zoomorph [58]. Finally, the sitesLRapidos, is very close to Lake
Mascardi and to the springs of the Upper Manso Rinethe middle of the forest. It is a

small cave with paintings also red and with maggpmetric motifs.

In situ Raman analysis carried out on the shelter AlerogWarevealed severe
degradation in all the coloured features found tsnrock wall. Gypsum [47-48] was
identified on the crust found on top of the rocky(RB a) and on an macroscopically free
crust area of the rock surface, as well as, or(Feg 3 b), yellow, green and white rock
art paintings. Gypsum is the main component foundwtite motifs, although the
spectra might contain also contributions from tlegrddation crust. Calcite (CagO

signal [59-60] was more evident on red (Fig. 3y@ljow, green and weaker in white
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areas. Weddellite was also observed in the caaenfite painting. Fluorescence caused
by the encrustrations in the shelter Alero Magunptetely blocked or overwhelmed the
Raman signal in such a way that the identificatwin main chromophores was
impossible. Only, calcite was identified on the nedtifs of Guillelmo Lake while on the
rock surface albite (NaAlg8Dg) [46, 61] (Fig. 3 c) is present. Haematite [39] dlbng
with a-quartz [42-43] (Fig. 3 d) and calcite [59-60] (FR e), were observed on a red
rock painting from the shelter Los Rapidos and lngte crust from the shelter Lago
Moreno East, respectively. For the latter, haematitd carotenoids can be found on the
red figures as well as weak signals of albite mrbck surface. Calcite and gypsum were
commonly identified on different coloured areastlod shelter EI Trébol with gypsum
found and on a crust on the rock. The red pigmeatlus haematite [39, 45] (Fig. 3 f).
Furthermore, anatase [44] anequartz [42-43] are present on both rock surfacg an

pigmented areas (Fig. 3 g-h).

The main red chromophore found in the shelters @ednalef, Cerro Campanario and
Cerro Campanario 2 is haematite. Some other conmperirat were identified are-
quartz and calcite for the first shelter anduartz only for the other twa-quartz is the

main phase found on the rock surface.

3.1.3 Lower Manso River Area, Rio Negro Province

The lower Manso area is located in a glacially rfiedilandscape ranging between 1700
and 550 meters above sea level (at the bottomeoMidnso River valley). Climatic and
phytogeographic characteristics are similar to dlydfahuel Huapi Lake, Gutierrez Lake

and Mascardi Lake areas described above. On skmésiverbanks, mixed forests of
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deciduousNothofaguswith grassland patches predominate. The climat@oderately
continental cold with high annual temperature vas@a Precipitation is scarce in
summer (700 mm) but in fall-winter it can reach @@Bm/nf at the western part of the

valley, among the Andes range.

21 rock art sites are known at the lower Manso Bagel river valleys. The oldest

human occupation was dated at 8200 years BP iteamiere scarce bone and stone
tools were found. From that moment the forest ithabs where hunter-gatherers and
their main staple was an autochthonous deer (“hli¢@uod other smaller forest species.
At ca. 1600 years BP the archaeological recordeas®d and from 1200 years BP on,

rock art sites are recorded.

Two archaeological sites are discussed in the sustedy, Campamento Argentino and
Paredon Lanfré. The first one is a small rock sinéhat is 6 meters high and 2.5 meters
wide. Human occupation corresponds to hunter-gathgmoups, dated at 570 and 230
years BP. Rock art is very scarce: only two red is#roles were identified [62].
Pareddn Lanfré (Fig. 1 e-f) is a rocky wall andlrevhere hunter-gatherer occupations
are dated between 1500 to 500 BP. The numerousinggnare arranged along a 42
meters multipanel wall (Fig. 1 e). Most motifs ageometric: rectilinear, stepped,
crenellated, curvilinear lines, zig zags etc. aoeigined in different ways, shaping
crosses, suns, hourglasses, concentric circlesiettamotifs, etc. Although there are
some figurative zoomorphic motifs, representing ttgmanacos” ama guanicog
recycled as horses by adding tails and hooves (Figy, along with anthropomorphic
figures. Red colour predominates in all the toreditYellow and green were also used to

a lesser extent [63]. Paintings of both sites wer@de on granite rock, therefore,
14



microexfoliation is facilitated. Also high humidigncourages the growth of lichens and
fungi which are most likely responsible for therf@tion of calcium oxalate on paints

[26].

In fig. 4 spectra collected from rock supports neantings 58 and 51 (a-b) and 28a (red
guanaco painting(c), from the shelter Paredon éardre presented. Albite [46, 61] and
a-quartz [42-43] can be found on the rock surfaagsatso inside coloured figures while

haematite [39, 45] is the main chromophore offal ted paintings. In the case of the red
guanaco painting the band at 658 toorresponds to iron oxide with low degree of
crystallinity [45]. For the yellow and green pamgs no coloured components were

identified due to fluorescence and the strong Rasignal of the substrata.

The wall of the shelter Campamento Argentino isesely degraded. Even the main
chromophore of the red paintings could not be ifiedt due to superimposed crusts of
calcite [59-60] found on the natural white crusttlee rock (fig. 4 e). In some other

cases, only the dominant bandosfluartz [42-43] could be identified in red aredsy. @

d). In another area of the wall where a patinatcruas macroscopically observed the
presence of anatase [44] was verified via its Rasmactrum (fig. 4 f). Moreover, a

weak Raman signal of a feldspar was also obsemedeorock surface.

3.1.4 Piedra Parada Area, Chubut Province

Piedra Parada area is located at the Chubut RiasinBone of the five largest rivers in
Patagonia, which springs at the Andes flanks aoddlto the Atlantic Ocean. Piedra

Parada area is located in its middle course, at5@@0meters above sea level. The river

15



modeled the landscape over volcanic ancient roeksddbetween 57 - 45 million years
ago [64]. The region is arid (138 mnflannual precipitation), with main precipitation in
winter (as snow). The predominant vegetation ihmls steppe. Temperature ranges
between ca. 37° C in January to 3° C in July. I lgst 100 years overgrazing has
provoked desertification. An important climatic cheteristic in Patagonia is the strong

western winds (Westerlies) occurring speciallyuamsner.

The area was populated by hunter-gatherers sira@ yars ago. There are evidences of
this first occupation in only one rock shelter. f/ar8000 years BP to 450 BP, changes in
settlement patterns and an increase in demographdgtected. 36 Rock art sites were
detected and analysed. A stylistic sequence wa®ted: a) an initial period (previous
2500 years BP) characterized by simple geometritifsnand stencil hand prints; b) a
second moment, including geometrical engravings paidtings (around 1300 years
BP); and c) a final period when the so called “@es8cstyle appears (around 500 years

BP) [65].

Piedra Parada 1, Angostura Blanca, Campo Cerdadl Gampo Moncada 1 are
archaeological sites situated in the Piedra Pavéadiey. All of them are rock shelters
located in volcanic formations along both margih€bubut River. Piedra Parada 1 (Fig.
1 h) is the only one that shows stencil hand prmigellow, white and green, and the use
of black colour in other geometric motifs. Alsoeth are dotted lines and straight and
curved lines in green, black, red and yellow. Alé$se motifs are characteristics of an
earlier period. The other three rock art sites skome of the most frequent motifs of the
geometric "Grecas” style, as irregular lines, cessrenellated designs, guards, etc. (Fig

g-i). In the latter period, motifs are less polyaimatic than Piedra Parada 1 rock art;

16



because red colour predominates, in other colosirgtate, green and yellow are less

frequent [66].

Glauconite [(K,Na)(F&,Al,Mg).(Si,Al)40:10(OH),] (Fig. 5) is the only green pigment
identified only in the case Nr. 10 green rock amtnging from the shelter Angostura
Blanca (Fig. 1 i). From the spectra, although thppear to be noisy, the presence of a
green earth could be verified. Furthermore, takirig account the resonance behaviour
and the position of the diagnostic bands of glaiteof67], rather than celadonite
[K[(Al,Fe*"),(Fe*, M@)](AlSi3,Sis)O1o(OH,),], is more likely to be present. In general,
green earths are not very good Raman scatterersagral consequence, faw situ
Raman spectra of this pigment were reported. Dusesonance Raman effect, band
shifts are observed when comparing the spectre@sded with a red (785 nm) and
green (532 nm) laser. In previous studies, mad€hnbut province and the shelter
Campo Moncada 1, was suggested that also gredmseads the main component of

green samples [26].

Haematite [39, 45] is the iron oxide found on &lé tred rock art paintings of the 4
shelters measured in Piedra Parada Valley witresgmtative spectra presented in fig. 6
(@) (i) (m). Microcline(KAISi3Og) [46, 61] was identified on red rock art paintiNg 11
(Fig. 6 a) and rock surface (Fig. 6 b) of the wreAngostura Blanca but also in
different panels of the shelter Piedra Parada YdlleAlbite was also present in spectra
collected from a red rock art painting from the ls&reAngostura Blanca. Gypsum [47-
48] is one of the major components found on thatpals and the rock surfaces and
rock art paintings of the shelters Piedra Paradzainpo Cerda 1 and Campo Moncada 1

(Fig. 6 c-f, i-m). Its present in the shelter Anggwa Blanca needs further investigation as
17



weak signal found only in two points (in mixturetivK-feldspars). On the PP1_10 black
rock art painting of panel 6 (Piedra Parada 1) @id) anhydrite Il/natural anhydrite was
also identified [48]. Gypsum is the main white gmmnent that was detected in the white
negatives of hands of panel 2 (Piedra Parada &) Gh). A different composition was
observed for the case of Nr. 15 white negative bhad of panel 1 (Piedra Parada 1).
The phyllosilicate, muscovite [KA(AISIzO1p)(F,OH)] [39, 42] was positively
identified, together withu-quartz [42-43] and anatase [44] (although the gres of a
feldspar cannot fully be excluded) (Fig. 6 g). ®@e wellow negative of hand found in
panel 2 of the shelter Piedra Parada 1, microelia® identified (although gypsum might
also be present). Calcium oxalates, in the fornwbéwhellite [17, 39-41] were also
present on a red rock art painting PP1_6 of parddlthe shelter Piedra Parada 1 and a
yellow flowers rock art painting Nr. 17 Campo Modeal (Fig. 6 e and j, respectively).
In general, weak Raman bands of calcium oxalates,vedso, in some cases observed.
The orthosilicate olivine [(Fe,Mg}iO4] [68]is one of the components measured on the
rock surface of the shelter Campo Cerda 1 (Fig).@guartz was also identified in a
white pigmented area of the shelter Campo Cerdslin the case of the shelter Alero
Las Mellizas, a band at ca. 1024 tim observed (Fig. 6 c-d, k, m) in combination wath
band at 632 cih(Fig. 6 m) on 3 different shelters, and differeatouring hues of Piedra
Parada Valley, namely: blue green, green, yellolackb of the shelter Piedra Parada
Valley 1; green of the shelter Campo Moncada 1ofetie shelter Campo Cerda 1. On a

white crust of panel 2 of the shelter Piedra Padatteenardite (N£&50Qy), also, detected.
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3.2 Comparison Between the Different Archaeologit&ites

An overview of the shelters that were analysed @glanth the major components that
were positively identified, byin situ Raman spectroscopy in Table I. In the next
paragraphs, we will focus on the analysis of chrphwoes, possible encrustations and

the source of oxalates.

In general, the main chromophore of the red rodktjpays is haematite. In some cases
the shelters where so severely altered and degtadédo signal from haematite could
be retrieved. Bands at 657 ¢n{red rock art painting from the shelter Alero Las
Mellizas), 658 crit (Nr. 28a red guanaco from the shelter Paredénré&aahd 660 cih
(red rock art painting from the shelter Queutredf)jacan be attributed to an IR active
longitudinal (LO) mode which is symmetry forbidd@nRaman spectra and is appearing
due to a low degree of crystallinity associatechwvditsordered structures [43, 45, 69-71].
However, in the literature it is also mentionedt tés band can be assigned to traces of
magnetite contributing to the haematite spectraugh this should be considered with
caution [72-73]. Consequently, bands arising aseh&avenumbers are often debated

[74-75] especially when magnetite and haematitgeesent.

For the most of the yellow, green and black paggimo information from the main
colourant could be obtained. Gypsum and calcitecaremonly found and cause severe
degradation on most of the shelters measured. Gypgas more frequently identified at
the provinces of Neuquén and Chubut, while on IRégro and lower Rio Manso (Rio
Negro) calcite was present. Both degradation facoe found on pigmented and as well

as nonpigmented areas (crusts). As gypsum wasidésdified on the white rock art
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paintings, results should be conceived with cautenit is also a major decaying
compound of the rock surfaces. The gypsum accretiwmuld have an impact on the
actual Raman signal of the white chromophore, efegypsum seems as a logical
selection of white pigment. An archaeological giesiwas if gypsum was introduced
also in other coloured mixtures as an extendeo ahainge the hue. This question cannot
be answered with portable Raman instrumentationeal®he only observation was that
in the cases that no gypsum was identified in tists, it was also not, present in the
coloured mixtures. Another important informatiorthat sometimes the populations used

to paint on already degraded surfaces in ordechieege a homogeneous background.

The most important challenge related of the cora¢icibution of the Raman bands to the
exact compound is coming from the vibrations agsi ca. 1022-1026 c¢hfound on
the shelteré\lero Las Mellizas (along with a band at 630 BmNeuquén province and
the shelters Piedra Parada 1, Campo Moncada 1, €&aa 1 (along with a band at
632 cm’) located in Piedra Parada valley. By reviewinglitegature on the analysis, the
resulted outcome was interesting. Prinsloo et68l], [studies in 2008 a red pigment on a
shard from San rock art (South Africa), referringat band at 1022 chas anhydrite.
Tournié et al. [17], in 2011, measuring San ro¢krasite (South Africa), assigned also a
band at 1025 cth from a yellow figure, as anhydrite (CagOMoreover, pointed out
the literature for bassanite (CaSQ@.5(HO)) and natural anhydrite and the transition
between gypsum and the latter two compounds, cdimguthat more research should be

conducted to verify this vibration.

Iriarte et al. [76], in 2013, when studying viotatcroparticles of a bluish black pigment

from the shelter Abrigo Remacha (Spain), assighedbtinds at 1170, 1027 (vvs), 676,
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634 and 493 cthto paracoquimbite [(R€SO04)-9H,0)]. Calcite,a-quartz, carbon black
and Ca-oxalates were also found in the mixturetaréh et al. [41], in 2014, when
analysing blackish pictographs from the Los Chagsashelter (Spain) attributed a band
at 1027 crit to gypsum (among other bands of calcium sulphatgdrate). Hernanz et
al. [61], in 2016, measuring hand stencils from Yadrai Mountain (China) assigned a
band at ca. 1028 ¢t found on rock surfaces and red paintings, as ateylll while

also gypsum and anhydrite 1l were also present.

The band ca. 1022-1026 ¢nalong with the ones at 630 and 632 tnfound on the
Patagonian shelters, can be attributed to one eofitle phases of CaS®i,0O system
[48]. This is likely to be soluble anhydritg;CaSQ/anhydrite Ill, a compound with
metastable thermodynamic stability. The Raman speuft this compound consist of
bands at 1167, 1025, 673, 630, 490 and 420 ptB]. Moreover, it is suggested that
microconditions in the sample, under influence loé taser power, can promote the
transformation of gypsum to anhydrite 11l [48]. Wheerformingin situ Raman
measurements in the Patagonian field the laser pdemsity was kept low in order to

avoid any transformation of the matrices.

From the other hand, a band at ca. 1025 @an also be attributed to the iron (lIl)
sulfate nonahydrate (para)coquimbite. Maguregulef77], in 2010, described a three
step decaying pathway of the formation of the isoifphate as a result of atmospheric
SO, attack on the walls of a Pompeian house. For sudaction, haematite and calcite
should be involved, in the presence of sulphuridupants, resulting in the formation of

(para)coquimbite and gypsum.
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For what concerns the Patagonian shelters, theerafmtioned Raman band was
observed in spectra collected from red, green ahilewin mixture with red) rock art
paintings from the shelteklero Las MellizasNeuquén province and it also appeared in
Piedra Parada Valley on blue green, green, yellod l@ack rock art paintings of the
shelter Piedra Parada 1, on a green rock art pgiofithe shelter Campo Moncada 1 and
on a red rock art painting of the shelter Campal€4. In the red haematitic figures and
motifs no calcite was detected due to a chemicattien, hence the interpretation as
(para)coquimbite cannot be prompted. In generakalcte was detected in the shelters
on which this band appear. However, while invesitngathe wall of the shelter Campo
Cerda 1, we realised that calcite was presenthidden way in a natural dual layered
encrustation on top of the rock. Calcite and gypsuas measured in a layer composed
on top of the rock surface while measuring on tophe latter layer only gypsum was
found (Table I). If we assume that the band at 1683 is assigned to (para)coquimbite
then other hypotheses should be addressed slaitmatter of origin and natural sources
in Patagonia, Argentina, then it is necessary tmnere possible sources of deposits, as
related to the distance to the archaeological .sitegeneral, (para)coquimbite can also
be formed by the flow of acid water on possibleitesulphates [76] or by evaporation

of acid, sulphate pools/brines as a consequenagwifite oxidation [78].

It is worth mentioning, that some spectra from Baagonian rock art sites contained a
band at ca. 1022-1026 &mThis band position seems to correspond to thanbf/drite
[l as identified by Hernanz in the red paintingsyabrai Mountain (China) [61]. In our

observations, this band was always identified imegowhere gypsum was observed.
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Though not completely conclusive, Raman spectrosagntified the vibrational mode

of the sulphate anion (ca. 1022-10263rbut the attribution to the correct compound
needs further research. The identification, via Raspectroscopy, is more difficult than
initially thought, especially in mixtures of gypsusnd iron oxides, and moreover some
anhydrite 1ll and (para)coquimbite bands are oygilag. The sulphate vibration band
was found in various colours on the pigmented awdashelters that are located on
different provinces. More research should be cotatljcincluding other analytical

techniques that reveal the molecular/crystallimecstires, in order to verify the presence
of anhydrite Ill and further investigate possilitemation pathways in the case of

(para)coquimbite in the Patagonian environments.

Calcium oxalates, in the form of whewellite and dellite, were identified by their
strong Raman bands on the shelters of Neuquénnu®yvon the shelter Alero Maqui,
Rio Negro province and the shelters Piedra ParadadlCampo Moncada 1, Chubut
province. Oxalic acid production from the attacknmetabolic acivity of fungi, lichens or
bacteria on top of Ca-based substratum, is thedicdl explanation of the deposition of
the hydrated calcium oxalates [8, 39, 70]. Furttmenthe chemical explanation for the
formation of such compounds, is the decay of oigamedia and/or binders, containing
oxalic acid of calcium oxalates [8, 70]. Lofrumen& al. [70], in 2012, when
investigating Ethiopian prehistoric rock paintirgyiggested the use of a binder as the
source of Ca-oxalate by comparing, via Raman mappirage, the concentration on a
red fragment and on a hematite area. The Ca-oxalspeared inhomogeneous and
scattered. Another hypothesis for the presencexalates inside rock art mixtures [70,
79] was suggested as intentionally incorporatio@afoxalate for the composition of the

pigment itself.
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Although lichen activity was very obvious in someeliers, Ca-oxalates were found
mainly on pigmented zones rather than on top aftsrand rock surfaces. When oxalates
were found on the crusts, the Raman signal was wegk. Although, this tends to
support the thesis of intentional admixture of ex@¢ and/or the decay of organic
binders, this should not be considered as fullyckmive. In the sites measured, lichen
activity could be macroscopically confirmed and dadimited measurement time, the
number of measurements points was somehow resfricbenpared to the extent of the
sites of the rock art panels. A more elaboratedystaompleted with the analysis of

cross sections, could further clarify the issue.

The presence of Ca-oxalates, on crust surfacesbeaaf importance for dating the
pictorial layers. As described by Hernanz et a@][3n 2014, if thick Ca-oxalate crusts
are present on top of the motif/figure aante quem’date, by radiocarbon dating, can be
established for the rock art paintings. Moreovef, the pictorial layer is
encapsulated/sandwiched in between Ca-oxalateslager ‘ante quemand post quem
radiocarbon dating” of the event can be determi88d40, 59, 80]. For the case of the
shelters of Patagonia, we propose perpendicularplgagn of the pigmented and
nonpigmented areas of the sites, where Ca-oxalatewe found, to evaluate the

homogeneity of the crusts, for further radiocarboalysis.

4. Conclusions

In situ Raman spectroscopy was performed on 16 open aitesf) in Patagonia

(Argentina), in the provinces of Neuguén and Rigideand Chubut. The purpose of the
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current study is the identification of pigments asubstrata. The main focus of the
research was the positive identification of alteraproducts and encrustations, found on
the rock art paintings of the shelters and on thitase of the rock walls. Apart, from the
pigment identification, compounds attributed toalgeog mechanisms and weathering of
the shelters were discussed. Although in some caélsesresults were not completely
conclusive, portable Raman spectroscopy shed diglihe main chromophores used and
characterized substrata and alteration products inon invasive way. The results
demostrated in this article are not reflecting ¢benplete variety of components that can
be found on the walls of the shelters due to mgins of the portable instrumentation

and across restrictions due to limited measureniaet

The information obtained by on-site measurementd great importance regarding the
preservation state of this invaluable works of @hte results retrieved from this analysis
allows the selection of rock art paintings thate do their degradation state and/or
archaeological interest, should be further inveséd, by extraction of samples for
laboratory analysis, possibly with multiple anatglitechniques. The documentation and
physicochemical characterization of the Patagoroak art paintings is set as a priority,
as these art works made by hunter-gatherer popntaire doomed to be consumed by

nature and/or human activity.
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Figure Captions

Figure 1: Details from rock art paintings found at (a) gielter Alero Las Mellizas (El
Neuquén) and (b) the shelter Cueva Olate (Neuquéh)Overview of the rock art
painting from the shelter Alero Maqui (Rio Negrao)da(d) red detail from the painting
found at the shelter Queutre Inalef (Rio Negro).Aeomplete view of the multipanel
wall of the shelter Pareddn Lanfré, (Rio Negroj &y measurment of a horse (Motif
28) in one of its panels. Initially the figure wagguanaco but when the local population
started riding horses, tail and hooves were addexdder to resemble a horse. (g) Figure
of yellow and red flowers from the shelter Campondada 1 (Chubut), (h) Raman
portable instrument set up placed in the sheltedmai Parada 1 (Chubut) and (i) a red
and green figure (Nr.10) from the shelter Angostiienca (Chubut).

Figure 2: Raman spectra of representative points of: (ajemtuck art painting (b) red

rock art painting from the shelter Cueva Olate, digin province and (c) red rock art
painting (d) green rock art painting from the shelAlero Las Mellizas, Neuquén
province. Labels: wh, whewellite; an, anataseg-quartz; f, feldspar; h, haematite; g,

gypsum.

Figure 3: Raman spectra of representative points of: (a)t @agop of the rock surface
and (b) red rock art painting from the shelter Al&faqui; (c) rock support from the
shelter Guillelmo Lake; (d) red rock art paintimgrh the shelter Los Répidos; (e) white
crust found on the rock surface from the sheltega_&oreno East; (f-h) red rock art
painting, rock support and yellow rock art paintimgspectively, from the shelter El
Trébol, all loacated in Rio Negro province. Labelsgypsum; c-calcite; alb-albite; a;
quartz; h, haematite; an, anatase.

Figure 4.. Raman spectra of representative points of: (a-bk support near paintings
Nr. 58 and Nr. 51, respectively and (c) Nr. 28a geanaco painting from the shelter
Pareddn Lanfré; (d) Nr. 4, red rock art paintingl 4a-f) natural white crust and rock
surface with a patina, respectively, near painfNrgl from the shelter Campamento
Argentino, all located in lower Manso River are& Regro province. Labels: alb-albite;
g, a-quartz; h, haematite; c-calcite; an, anatase.

Figure 5: Raman spectra of representative points of Nigré@n rock art painting from
the shelter Angostura Blanca, Chubut province nreas(a) with the 785 nm laser and
(b) with the 532 nm laser, revealing the charastierbands of glauconite (gl).

Figure 6: Raman spectra of representative points of: (a)Llllmed rock art painting and
(b) rock support, from the shelter Angostura Blar{ica PP1_9 yellow rock art painting
of panel 5, (d) PP1_10 black rock art painting afgl 6, (¢) PP1_6 red rock art painting
of panel 5, (f) rock support of panel 2, (g) Nr.\ibite negative of a hand of panel 1, (h)
PP1_2 white negative of a hand of panel 2, fromstinedter Piedra Parada 1; (i) Nr. 20
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dark red rock art painting, (j) Nr. 17 yellow flovgerock art painting, (k) CM1_3 green
rock art painting, (l) rock surface, from the seel€ampo Moncada 1; (m) M2 red rock
art painting and (n) rock surface from the shetampo Cerda 1, all located in Chubut
province. Labels: h, haematite; micro, microclige;gypsum; an Il, anhydrite I, wh,
whewellite; an, anatase; f, feldsparpeguartz; mv, muscovite; ol, olivine.
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Table Captions

Table I: An overview of archaeological sites that were analysed along with the major components that were positively identified, by in situ

Raman spectroscopy.

Province Shelter Colours # motifs Haematite Gypsum Calcite a-quartz Ca-oxalates Titanium Anhrl:lrlte Feldspars Other
Measured measured [39, 45] [47-458 [59-60] [42-43] [17,39-41] | dioxide [44] (48] [42, 46, 61]
Cueva Olate Red, white, 3 X X X X X x?
green, black
, Red, white,
Neuquén
Alero Las Mellizas green, 12 X X X X X
black,
yellow
Red, white,
Alero Maqui green, 3 X X X
yellow
Queutre Inalef Red 5 X X X
B Guillelmo Lake Red 1 X X
Rio Negro Los Rapidos Red 1 X X
Cerro Campanario Red 1 X X
Cerro Campanario 2 Red 1 X X
Lago Moreno East Red 2 X X X Carotenoids
El Trébol Red, yellow 5 X X X X X
Rio Negro Pareddn Lanfré Reczry;ilrl‘ow, 10 X X X
(Rio Manso) Campamento Argentino Red 3 X X X X?
Angostura Blanca Red, green 4 X X? X Green earth
Red, white, Anhydrite I,
Piedra Parada 1 green, black 14 X X X X X X X muscovite,
thenardite
Chubut Red, white,
Campo Moncada 1 green, 8 X X X X
yellow
Campo Cerda 1 Red, white, 11 X X (x)* X X Olivine
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orange,
yellow
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On-field Raman Spectroscopy of Patagonian Prehistoric Rock Art: Pigments, Alteration
Productsand Substrata

Anastasia Rousaki, Emmanuel Vargas, Cristina Vazq3eronica Aldazabal, Cristina
Bellelli, Mariana Carballido Calatayud, Adam HajduRscar Palacios, Luc Moens, Peter
Vandenabeele

Highlights:

. In situ Raman spectroscopy was performed on rock art iféroapen air shelters found

in the provinces of Neuquén and Rio Negro and Chubatagonia, Argentina.

. Pigments, alteration products and substrata wastiyely characterized by the
technique.
. Special attention is given on the decaying préslbiological and chemical attack,

encrustations and accretions) found in the shedtetiscan affect their preservation state.



