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Abstract 

In the last decade, physico-chemical analyses have been largely applied to the study of rock art 

contexts, in particular to examine the composition of rock art paintings and obtain direct radiometric 

dating. Different sampling and analytical methods have been applied on rock art from different 

parts of the world. However, in Africa these analyses are still on an embryonic stage. The results are 

often problematic in terms of their reliability, mainly for what concerns the chronology. This is due 

to a wide range of fossil and active biodegradation processes affecting rock surfaces and pigments; 

such processes are still widely underestimated. This paper aims to discuss the state of the art of the 

physico-chemical analyses carried out on rock art African contexts, and the urgency to establish 

protocols and best practices of sampling and analysis. The preliminary results of a new project in 

southern Ethiopia are here presented as an example of an integrated study of rock art context, 

combining Archaeology and Earth Sciences. Preliminary field observations and SEM-EDS analyses, 

run on samples coming from two rock shelters in the Borana zone, highlight the presence of a 

complexity of physical, chemical, and biological weathering processes that have manifold effects on 

the rock art evidence. 
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1. Introduction 

Rock art is one not most fascinating world’s cultural heritage spanning from at least the Upper 

Palaeolithic, up to present ethnographic contexts (e.g. Whitley, 2011; McDonald and Veth, 2012; 

Bruno and McNiven, 2018). Rock art tells us about the lifestyle of our ancestors and the landscape 

they settled, as much as about their symbolic world. Indeed, the preservation of rock art is one of 

the most challenging issues that a conservation scientist has to manage with studying rock paintings 

and petroglyphs (e.g. Gibbons, 1984; Hygen, 1996; Walderhaug Saetersdal, 2000; Loubser, 2001; 

Lambert, 2007). World rock art is one of the most endangered evidence of the past, due to the direct 

exposition to atmospheric agents and surface processes. In many cases, it was created under 

different environmental conditions, and today it is no more in equilibrium with extant climatic 

settings (e.g. Hoerle, 2006; Cremaschi et al., 2008; Bednarik, 2012; Darvill and Batarda Fernandes, 

2014; Giesen et al., 2014; Zerboni et al., in press). Beyond natural damages, too often artworks are 

threatened by human actions related to economic development programs (e.g. oil exploitations, 

buildings, mining, intensive agriculture programs and sudden intense fluxes of tourism), carried 

out without any awareness about the cultural issues, or by deliberated vandalism (e.g. di Lernia et 

al., 2010; Gallinaro et al., 2018; Taruvinga and Ndoro, 2003). African rock art is an emblematic 

example of these issues. The main concentrations of African rock art are from arid to sub-arid 

ecological contexts, often in remote areas hard to control and manage. 

Many recent papers attempt at discussing the properties of pigments used to depict African 

rock art galleries in order to (i) assess the occurrence of ancient organic matter in binder and 

pigments, (ii) characterize the properties of organics and eventually non-organic constituents, and 

(iii) select the fraction to submit to radiocarbon dating. If we consider the recent literature on these 

topics, we note that the detailed characterization of the state of preservation of pigments, and the 

investigation on the interaction between the rock substrate and pigments are poorly examined. But 

many questions arise if we go deeper in the field of preservation of African rock art: what happened 

(or what is happening) to pigments? Are those weathered or undergoing any kind of diagenesis? 

Or, on the contrary, they are stabilised for any reason? Which kind of processes is suffering the 

geological support of rock art? A part of climate, how are microorganisms influencing these 

processes? Is there any biogeochemical interaction between pigments and minerals constituting the 

rock support? 
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Starting from our recent experience on southern Ethiopian rock art from the area of Yabelo, 

here we preliminary report on the state of preservation of local rock art galleries, with special 

emphasis on the preservation of the rock substrate and evidence of biogeochemical processes acting 

at the interface between pigments and the bedrock. We do not want to give a comprehensive 

assessment on the preservation of rock art at Yabelo, as many analyses are on-going. In this paper, 

we mean: (i) to review the state-of-the-art on analytical approaches to characterize African rock art 

– with special attention to those not propaedeutic to radiocarbon dating –, and (ii) to propose a 

protocol to assess rock weathering and identify evidence of interaction between pigments, minerals 

of the bedrock, and microorganisms, trying to elucidate how physical, chemical, and biological 

weathering is menacing the preservation of rock art. 

 

2. Brief review on the physico-chemical analyses on Africa rock art 

The application of physico-chemical analyses in the study of African rock art started in the late 1980s, 

with the first tentative of radiocarbon dating in South Africa, by Van der Merwe et al. (1987). 

In more than thirty years, a variety of analyses has been applied to investigate three main 

issues: (i) direct or indirect dating of paintings and petroglyphs; (ii) characterization of pigments; 

(iii) investigation of weathering and biodegradation. After Van der Marve et al. (1987), a long series 

of attempts to dating paintings and engravings, through direct or indirect methods followed. These 

include accelerator mass spectrometry radiocarbon dating (AMS-14C) of organic binders or their 

organic by-products for paintings (e.g. Mazel and Watchman, 1997; Mori et al., 2006; Bonneau et al., 

2011, 2017a, 2017b; Pecchioni et al., 2019), organic matter trapped in rock varnish microlayers 

covering petroglyphs (Zerboni, 2008; Huyge et al., 2001), or optical stimulated luminescence (OSL) 

dating of sediments covering engravings (Huyge et al., 2011; Mercier et al., 2012). Dating remains 

the main and most ambitious aim of scientific analyses applied to rock art, even when researches 

focuses on pigments characterization and degradation (e.g. Conard et al., 1988; Zerboni, 2008; 

Gomes et al., 2013; Lofrumento et al., 2012). 

A systematic survey of the literature, among the main international journals, allows 

proposing a synthetic overview of the main trends and areas of research. We considered the main 

international publications, using the search tools provided by the SCOPUS and ISI Web of 

Knowledge databases, as well as on the various publishers’ websites. The literature survey followed 

the methodology described in Gallinaro and Biagetti (2016). To give a more balanced and 
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comparable results between the different research areas, we exclude journals focused on defined 

areas. On a total number of 221 papers on African rock art, 16% includes physico-chemical analyses 

It is interesting to observe that the frequencies by area and by area and topics show the same trend 

(Fig 1). We grouped the papers in four main macro-regions, based on geographical position: 

southern, northern, and eastern Africa. Southern Africa shows the highest score of papers on rock 

art (44%) and the largest use of physico-chemical analyses (49%), followed by northern (27 and 31%), 

and eastern Africa (20 and 17%). These percentages reflect the role that rock art has played in the 

different areas, as recently discussed (e.g. Smith, 2013; di Lernia, 2018). The investment in research, 

conservation projects, and the continuity of research on the San rock art, is not comparable with any 

other contexts in Africa (e.g. Smith, 2013). If we look in more detail at the data by topic, in southern 

Africa we have indeed the widest variability, with a significant incidence of analyses focused on 

weathering and biodegradation processes affecting rock art. In particular, the research of Prinsloo 

(2007) and Prinslo et al. (2008) represents a sort of cornerstone of the physico-chemical research on 

African rock art (Fig. 2). For the first time the weathering of rock faces depicting rock art are 

investigated as “a complex mechanism encompassing interdependent mechanical, geological, 

physical and biological processes” (Prinsloo 2007: 502). Furthermore, since then the researchers 

began to apply a major care in reducing the impact on sampling technique (Prinsloo et al., 2008), 

followed by the experimental use of non-destructive and non- invasive techniques, such as the in 

situ application of Raman spectroscopy (Tournié et al., 2011). More recently, Bonneau et al. (2011, 

2012, 2017a, 2017b) proposed a multi-technique analysis of rock art with a specific procedure of 

sampling, and pretreatment and analytical protocols aimed at reducing the impact of sampling and 

isolating the pigment to weathering products (e.g. calcium carbonates, calcium oxalates, or humic 

acids). 

In northern Africa, physical and chemical analyses mainly focused on dating (e.g. Mori et al., 

2006; Zerboni, 2012; Huyge et al., 2011; Mercier et al., 2012), and on the characterization of pigments 

for reconstructing the chaîne opératoire in the preparation and use of pigments for the parietal rock 

(e.g. Darchuk et al., 2011; di Lernia et al., 2016). Only a recent study approached the problem of the 

impact of sampling, with the experimental use of Micro-Raman spectroscopy in Western Sahara 

contexts (Iriarte et al., 2018). This delay is also due to the political turmoil resulting from the so-

called Arab Springs that highly reduced or completely denied the access to the main rock art 

contexts, especially in the Saharan massifs. 



Preprint_Gallinaro_Zerboni-	published	in	Quaternary	International		
https://doi.org/10.1016/j.quaint.2020.05.056 
	
	

	 5 

Eastern Africa is the third macroarea interested by the application of physico-chemical 

analyses to rock art. Setting apart a first characterization of pigments on Eritrean samples, collected 

in the 1940s by Graziosi (Zoppi et al., 2002), in the last ten years a few sporadic analyses were carried 

out in sparsely contexts, mainly focused on dating and characterization of pigments, particularly in 

Ethiopia, even if often without clear project backgrounds. 

It is clear that a fully integrated approach is far to be a standard procedure in rock art studies, 

and the divide between archaeology and Earth and chemical sciences is still wide. 

 

3. Settings 

3.1. Geographic information 

The study area is located in the Yabelo woreda, part of the Borana Zone of the Oromia Region, about 

600 km south of Addis Ababa (Fig. 3). It lies in a semi-arid ecological zone, with a bi-modal rainfall 

pattern exhibiting an average annual range of 400–700 mm and a mean annual temperature of c. 19 

°C (minimum c. 9 °C and maximum c. 27°), presenting high seasonal variability due in part to the 

altitude, 450 to 2500 m above sea level (Coppock, 1994; Sutter 1995). The past few decades have been 

characterised by erratic patterns of rainfall and drought, with a strong impact on the availability of 

natural resources. In the region, the geological bedrock consists of granite intrusions and granitic 

gneiss, the product of low-grade metamorphism (Clark, 1945; Williams, 2016) belonging to the 

Adola Belt formations. As a consequence of intense tropical weathering, the local landscape 

alternates among inselbergs, piles of boulders, tors and large isolated boulders of 

granite/metagranite. Many rock shelters open along the rocky slopes and at the foot of tors; on 

investigation, some of these revealed the presence of a human occupation dating from at least the 

Middle Stone Age (MSA) (Spinapolice et al., 2017; Gallinaro et al., 2018; Carletti et al., in press). 

 

3.2. Background on local rock art 

Rock art study in Ethiopia had a marginal role (e.g. Gallinaro et al., 2018; Negash, 2018) and was 

substantially ignored in the research area. In 1943, John Desmond Clark rapidly surveyed the area 

during his military service in East Africa in the Second World War, recording a few quantities of 

schematic red paintings, highly weathered. Only in the mid of 1990s, new researches carried out by 

Hundie (2001) allowed to locate new rock art sites. However, this evidence remained substantially 

unpublished and scarcely known until the last few years. A new season of research started in 2016 
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is revealing an unexpected density of rock art in the area, possibly covering a broad chronological 

range spanning over the last IV millennia BP (e.g. Spinapolice et al., 2017; Gallinaro et al., 2018). The 

rock art sites recorded in the area during the first two field seasons (2016-2017) include exclusively 

paintings that vary in size, subjects and forms, and are hosted on the walls of rock shelters or isolated 

boulders. The recorded artworks show figures and decorative patterns unknown in the area, that 

are opening new perspectives in the study of rock art in East Africa adding significant information 

about the occupation history of the Middle and Late Holocene. In particular, the presence of possibly 

different cattle species, including humped and humpless specimen, as in the case of the site YAB6, 

is an important data for the spread of herding in the region. The state of preservation is highly 

problematic, in some cases the paintings have been damaged by the combined action of natural and 

anthropic processes, whereas at least in the case of the site YAB6 the damages seem to be exclusively 

referred to natural processes.  

 

4. Material and methods 

To assess the state of preservation of rock art substrate and the interaction with pigments we selected 

two rock shelters, intensively surveyed and recorded: YAB6 and BOR1 (Fig. 3). YAB6, discovered 

by Hundie (2001) and known by the local name of Dhaka Kura (Crow’s Rock), is located ca. 2 km 

NW of the town centre of Yabelo. It is the largest of a series of rock shelters open into an alignment 

of (meta)granite hills, cut by the deep incision of a stream. The site and the neighbouring area are 

still highly frequented by the local communities, including herders and their livestock, due to the 

presence of a well fed by a spring. The site has a high potential for the archaeological research as 

well as for conservation and cultural heritage issues (Gallinaro et al., 2018). 

The wall and the ceiling of the shelter host tens of paintings different for shape, size, 

technique and figures. We recognised five main panels, three on the main wall and the other 

covering part of the wall and the ceiling. The panels show different state of preservation with figures 

almost invisible at naked eyes to more visible paintings. The represented figure mainly consist of 

domestic cattle, wild animals and geometric signs are present as well (Fig 4).  

The other site, named by Hundie (2001) BOR1, is located about 6 km south of Yabelo. The 

site is a large rock shelter opened at the foot of an inselberg developed on low-grade metamorphic 

rock. Rock art covers the back wall of the shelter with two main clusters (Fig. 5). Area 1 mainly hosts 

black painted camels and wild animals (ostriches and giraffes); whereas the other large area shows 
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a complex palimpsest of vanished figures and white painted figures representing anthropic figures, 

giraffes and cattle. Differently from YAB6, humans have heavily damaged paintings at BOR1 with 

modern graffiti made with charcoal and chalk that cover a large portion of the paintings. 

We collected very small samples of rock surface from many parts of the shelter and a few 

pigments samples. To reduce as much as possible any possibility to damage rock art galleries, we 

decided to sample each kind of weathering surfaces or other damages evident on the rock surface 

far from paintings. In a few cases, we collected samples of pigments, to assess their characterisation, 

state of preservation and interaction with the bedrock. 

 Small samples were removed with a sterile bistoury or a small chisel and preserved in sterile 

containers. In some cases, we decided to remove weathering products and efflorescence from the 

rock surface peeling it with a sterile tape, then preserved in sterile containers. The same technique 

was also employed to collect minimal samples of pigments. In the laboratory, samples were 

subdivided into smaller pieces, observed under the Scanning Electron Microscope (SEM). Subparts 

of the same samples were preserved for the analysis of the biological fraction with the help of a 

confocal microscope after selective staining, and to obtain (after consolidation) thin sections for the 

petrographic optical microscope. 

SEM observations employed a Cambridge 360 scanning electron microscope imaging both 

secondary and back-scattered electrons. Energy dispersive X-ray analysis (EDS Link Isis 300) 

required carbon-coating samples. Energy dispersive X-ray spectroscopy with an accelerating voltage 

of 20 kV, filament intensity 1.70 A, and probe intensity of 280 pA. Every analysed element has been 

previously standardised by using several single element standards (Micro-Analysis Consultants 

Ltd). Elemental concentrations measured by EDS are reported as oxide weights normalized to 100%. 

We observed samples on their external and internal parts, and in some cases, we observed them 

along a transverse section. Peeled pigments and rock surface were observed after transferring the 

material removed from the rock surface onto a special carbon-coated tape. All samples were 

analysed after carbon coating to allow EDS measurements, but in specific cases, we performed 

additional observations on gold covered samples to obtain high-resolution images. 

 

5. Results 

5.1. Field observations 
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The local rock substrate corresponds to granites and granitic gneiss with different degree of 

metamorphism (Williams, 2016). At both sites, bedrock outcrops display a variety of surface 

weathering and surface coatings, almost encompassing the whole possibility of surface processes 

effecting rocks: physical, chemical, biological weathering and eventually combinations of them. 

 At a general scale, weathering processes on crystalline rocks (solutional weathering) are the 

main factors triggering the formation of the extant landscape. The latter consists of rounded or sub-

rounded hills (inselbergs), and residual accumulation of rounded to sub-rounded blocks (chaos of 

block and tors), partially still covered by weathering products (granitic coarse sand). Rock shelters 

formed due to solutional processes creating alcove-type cavities, or due to the accommodation of 

large, rounded, residual boulders after the removal of weathering products. At the meso-scale, a 

main difference is evident comparing the effects of weathering inside and outside rock shelters. The 

part of rock shelter out of the drip line, in fact, appears to be less protected by external agents and 

displays two different type of weathering resulting in the mechanical disaggregation of minerals. 

From the one hand, we notice the occurrence of granular disaggregation, possibly controlled by local 

thermal regime and difference in seasonal insulation to rock surface. On the other hand, a main part 

of rock surfaces out of rock shelters displays a variety of lithobiontic organisms, including epiliths 

(many species of macroscopic lichens), and greenish biofilms in the pore space within rock 

(cryptoendoliths). The main effect of epiliths is enhancing granular disaggregation, whereas 

cryptoendoliths possibly play a major role in exfoliation. 

 Surprisingly, inside the drip line of rock shelters the stability of rock surface is greater, thus 

permitting the preservation (at least partial) of paintings. Inside the rock shelters, the insolation is 

minimal and rock walls are almost sheltered from rainfall. Locally, humidity is enhanced by laminar 

fluxes and percolation along rock cracks and vertical faults. As a consequence, the microclimatic 

conditions inside rock shelters are less suitable for the growth of lichens. On the contrary, in a few 

cases at YAB6 we noticed the occurrence of weakly developed biofilms related to cryptoendoliths. 

The internal parts of the rock shelters display evidence of desquamation and exfoliation; these two 

processes are similar, and likely a biologic contribution in their effectiveness is likely, but the main 

control is played by the type of rock. In fact, exfoliation seems to be more intense on granitic gneiss 

with higher degrees of metamorphism, as at YAB6 site. Granular disaggregation is less evident 

inside the rock shelter. 
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 Other processes affect the rock surfaces and are mostly related to the formation of rock 

coatings and other external disturbances. To the latter, we ascribe the occurrence of wasp (and other 

insects) and a whitish efflorescence found at site YAB6. Wasp’s nests are built with local soils and in 

some cases they can cover pigments; their disaggregation leaves semi-cemented ground on rock 

walls. The nature of the whitish efflorescence will be discussed in the following section, as field 

observation was not definitive for its interpretation. Observed rock coatings consists of whitish, 1–

2-mm-thick crusts covering large patches of the rock walls, reddish accumulation of Fe-rich oxides 

along discontinuities and where exfoliation is more intense, and less common dark Mn-rich rock 

varnish evident in correspondence of desquamation (brilliant gray coatings below desquamation 

flakes). On rock shelves formed along discontinuities, the uppermost surface looks smooth and 

vitrified as covered by glossy precipitates and from the vitrified surfaces leakage of whitish 

precipitates are present. Likely, these are related to the occurrence of rock hyraces (Procavia capensis) 

and are the consequence of urine precipitation as reported from elsewhere in Africa (Prinsloo, 2007). 

 

5.2. Preliminary SEM-EDS analyses 

Preliminary SEM observations coupled with EDS chemical characterization of compounds 

suggested the main properties of the weathering products found onto and into the rock support of 

paintings, and showed the complex interaction between the bedrock, pigments and microorganisms. 

In the following parts, we describe the results of analyses on rock fragments removed from the rock 

wall and analyses on pigments collected after peeling. 

 A whitish crust covers a large part of the rock wall and under the SEM it appears as a 

continuous coating, with irregular to smooth surface, occasionally organized as tabular, flat 

bipyramidal or acicular crystals; in many cases, crystals seem to be smoothed by subsequent 

dissolution events. The coating covers the rock surface and drape discontinuities among mineral 

grains; in some samples, the coating seems to be multi-layered as it accreted after subsequent events. 

Some organics are trapped within the crusts, including for instance very well visible fungal hyphae, 

likely still living. Chemical analyses suggest that gypsum (or anhydrite) is one of the main mineral 

constituents of the crust (Fig. 6); in fact, EDS detected a Ca and S content up to 40% and 55% 

respectively. Additionally, other chemical elements are well represented, as for instance 

concentrations of Cl and K that can be related to inorganic phases of urine precipitates (KCl), as 

those identified in western and southern Africa (Prinsloo, 2007; Mazel et al., 2010). A higher 
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concentration of KCl was observed at YAB6 in correspondence of whitish efflorescence, which 

composition is phosphatic. Under the SEM, the efflorescence consists of ca. 10-µm large spheroidal 

objects, initially interpreted as bacteria, but most likely corresponding to urine precipitates (Fig. 6). 

The latter appears as concentration of spheroidal precipitates of spheroids distributed on a 

continuous phosphatic crust (Fig. 6). In a few samples from YAB6 and BOR-1 sites, the outer parts 

of the rock walls present a more complex configuration, alternating different mineral coatings and 

organic remains. In particular, the SEM-EDS analyses detected the occurrence of discontinuous 

gypsum coating alternated with small mineralizations with tabular, acicular, or lamellar crystal 

aggregates (FIG. 6). In the case of the latter mineralization, chemical analyses detected the 

occurrence of Ca, K, and S as major elements, and smaller amounts of P and Mg. P can be related to 

organic matter, and the mineral fraction consists of calcium and potassium sulphates, such as 

syngenite or görgeyite. For instance, syngenite is the sulphate double salt found at San rock art sites 

of southern Africa (Prinsloo, 2007). The content of Ca may also suggest the occurrence of calcium 

oxalates. In a few cases, organic remains have been detected by imaging on top or among the above-

described mineralizations. Fungi hyphae in form of elongated filaments and likely other parts of 

lichens are the most common organic remains; spores, pollens, and remains of arthropods were also 

found. 

 Under the scanning microscope, the internal part of the rock wall of the YAB6 rock shelter 

discloses a complex assortment of in situ weathering of minerals, neoformation of minerals, and 

organic remains (Fig. 7). Moreover, imaging also disclosed a tight interaction between the mineral 

and the biological components. In situ weathering is evident on exfoliated samples, and affects 

mostly feldspar and quartz grains, but in many cases crusts of secondary minerals or organic 

remains cover its effects. Dissolution pits and micro/nanno-runnels are present on single crystals, 

sometimes in the vicinity of encrusting organic matter (for instance the remains of hyphae), as much 

as more complex kinds of dissolution features, likely related to solutional processes triggered by 

microorganisms (Fig. 7). As common in the case of weathering of crystals, the effects of weathering 

are mostly evident according to the orientation of cleavage planes. At YAB6, inside the 

discontinuities of the rock wall, we detected small concentration of halite in form of very small cubic 

crystals, distributed on the surface of quartz grains, and discontinuous coatings of Mn-rich minerals 

associated to phosphates (Fig. 8). NaCl and Mn-bearing crystals are likely mineral neoformation. 

The most common neoformation of minerals within the rock surface – up to 1 cm inside – consists 
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of flat bipyramidal crystals (Fig. 8) rich in S (24%), Ca (20%), and K (20%), and crusts rich in Ca and 

S (ca. 40% and 55% respectively) or Ca and P (24% and 15% respectively). Crusts can be interpreted 

as gypsum (Fig. 8) and phosphate precipitated inside the rock as crystals and possibly weathered 

onto smoothed crusts. The habit and chemical properties of bipyramidal crystals (rich in Ca) suggest 

attributing them to the presence of calcium oxalates. In particular, the flat bipyramidal and acicular 

druses have been attributed to the monohydrate (whewellite) and the dihydrate (weddelite) calcium 

oxalates (Saffo and Lowenstam, 1978; Glasauer et al., 2005; Echigo and Kimata, 2010). Whewellite 

and weddelite extensively occur in relation to a variety of biomineralization processes, including 

those driven by fungi and lichens as suggested by their interaction with hyphae (Verrecchia et al., 

1993; Gadd, 1999), and have been identified also related to rock paintings (Watchman, 1993; Russ et 

al., 1996; Hernanz et al., 2007; Prinsloo, 2007; Bonneau et al., 2012), occasionally associated to 

gypsum (Russ et al., 1999) as in the our case. 

 Organic matter detected in the inner part of samples mostly consist of the remains of 

endoliths, and especially fungi hyphae encrusting minerals, tubular and spiral algal structures, and 

thallus remains (Fig. 9). All remains are tight connected to minerals of the host rocks of newly 

formed minerals, as in the case of bipyramidal crystals and surface crusts. The concentration of algae 

remains is occasionally very high, forming a carpet at the interface between the solid rock and the 

exfoliation flake (Fig. 9). Smaller organic features such as bacteria are less distinguishable in 

observed samples. 

 Samples peeled from paintings permitted to remove a minimal part of pigments to submit to 

SEM and EDS analyses. At both sites collected samples of red and whitish pigments and underling 

rock support or crust. In samples from YAB6 (Fig. 10), for instance, the underlying crust dominates 

in most of samples and only in one case small crystals are detectable; they are organized in a very 

thin sheet and chemical analyses detected, beside the dominance of Ca and S due to gypsum and 

oxalates, a moderate concentration of Si and Fe (Fig. 10). This may suggest that the red pigment is 

extremely thin and consists of iron oxides; the occurrence of Si can be related to the presence of 

quartz and clays, as local soil is the main source of iron oxides. At YAB6, one of the whitish pigments 

consists of spheroidal features in a matrix (Fig. 10). Spheroids are very similar to the above-described 

urine precipitates, and chemical analyses detected the occurrence in spheroids and the encrusting 

matrix of dominant Ca. Therefore, we attributed their composition to calcite or at least a mixture of 

calcite and Ca-oxalates. Calcite, for instance, in form of its polymorphs vaterite is common in the 
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rock art of San of southern Africa and possibly related to the occurrence of hyraceum (a mixture of 

hyrax faeces and urine) (Prinsloo, 2007). As above described, calcium oxalates are the by-products 

of many biological processes related to the metabolism of many lithobiontic organisms. In other 

samples, EDS analysis found abundant phosphates that possibly were used in pigments. 

 

6. Discussion 

Fieldwork and laboratory observations highlighted a large and variegated set of different 

weathering and bio-chemical actions still active on rock painted surfaces. According to our 

experience in the region and in the whole African continent, multiple weathering phenomena affect 

each site and they are the product of the interaction among physical chemical and biological 

alteration processes. 

At YAB6 and BOR1 we had the opportunity to collect information on many of these 

processes: from one hand, bio-physical and bio-chemical weathering of rock support menace the 

stability and preservation of rock art; on the other hand, the occurrence of bio-mineralized crusts is 

likely protecting the paintings. Processes promoting physical, chemical, and biological weathering 

of rock support are more severe outside the drip line of rock shelters. Therein, insolation and water 

availability are grater thus enhancing the intensity of desquamation and disaggregation. The same 

processes can be observed at limited scale in the inner part of rock shelters and generally weathering 

processes are much more evident under the microscope. Likely, the absence of thick organic 

anthropogenic infilling within the rock shelters prevents or hampers a number of biological 

processes, which elsewhere have been identified as substantial in the disaggregation of rock art 

support (di Lernia et al., 2016). 

The formation of mineral crusts is a further main feature affecting rock art at YAB6 and 

BOR1; the presence of external crust is evident at both sites, but its role and relationship with 

pigments is not completely clear. In fact, sometimes it seems to cover – and thus protect (?) – 

paintings, whereas elsewhere paintings overlap the crust, that appears to be a sort of preparatory 

layer for the paintings. 

The role of surface processes triggered by microorganisms is likely the most important, but 

evidence is evanescent, and its relevance can be assessed only under the scanning microscope. SEM 

observation of rock and pigments samples highlighted very complex interaction among the mineral 

rock support and microorganism. The occurrence of organics is suggested by the presence of a 
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variety of biological remains, the most important of which are fungi hyphae, which suggest the 

growing of endolithobionts today and/or in the past. Elemental analysis of mineral neoformation 

from both the investigated sites also confirms the major role played by microorganisms. The 

systematic occurrence of Ca-oxalates crystals beneath the rock surface suggests that endolithic 

lichens and/or fungi actively colonized the walls supporting rock paintings. On the other hand, their 

occurrence on the present-day surface may suggest a rejuvenation of the rock surface (see for an 

interpretation of the process: Mergelov et al., 2012). Further chemical signatures for organic matter 

are related to peaks in the concentration of P, Ca and S, which are generally related to the occurrence 

of phosphates or P-bearing sulphates (Prinsloo, 2007; Zerboni, 2008), and Cl and K related to 

inorganic phases of animal urine precipitates (Prinsloo, 2007; Mazel et al., 2010). Calcium phosphates 

associated to oxalates can be related to the occurrence of endolithic microorganism, whereas is very 

interesting the occurrence of phosphorus sulphates analogous to those identified in the San rock art. 

The occurrence of these minerals on and within rock support is likely related to natural processes as 

the growth of endolithic communities. Furthermore, the presence of urine precipitates and P-

sulphates can be related, as described by Prinsloo (2007), by the contamination form the dejections 

of rock hyraces (Procavia capensis) that still live in the area. The occurrence of mineral constituents 

typical of the hyraceum detected in the peeled white pigment sample may be related to natural 

contamination, but the intimal occurrence of urine precipitate spheroids in the Ca-bearing matrix 

suggests a possible intentional use of hyraceum or other kinds of animal urine as pigment in rock 

art, as in the case of the San and Dogon rock art (Prinsloo, 2007; Mazel et al., 2010). 

These observations point to several fundamental questions needing to be addressed when 

investigating the role played by biological process in the preservation or deterioration of rock art. 

Which is the main role of biofilms in rock art conservation? Have biofilm a negative influence 

because they degrade pigments and weather the rock support? Or are biomineralized mineral 

neoformation protecting pigments and rock surfaces from severe weathering? How are on-

going/fossil biological processes affecting our attempts to direct radiocarbon dating of rock art? 

To understand the role of biofilms we need to consider the occurrence of extensive 

biomineralization (oxalates for instance), which have a twofold effect. Oxalates precipitated by 

endolithic organisms increase the instability of the rock support promoting exfoliation; but once the 

surface is rejuvenated, they represent a surface crust offering protection to the rock surface. 

Probably, the mineral crusts deriving from hyraxes’ dejections offer the same protection to paintings. 
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In the perspective of radiocarbon dating rock art, our work suggests the occurrence of a very intense 

biological activity within pigments and in the surrounding rock support. As in the case of the 

biofilms, also biological activity may result in a bidirectional process in terms of organic matter 

preservation. Microorganism living in pigments and on/within the rock support on one hand may 

decompose pristine organic compounds, but on the other hand, they actively contribute to supply 

the system with fresh organic matter. This may result in alternate enriching or depauperating the 

carbon system that cannot be considered close and thus reliable for radiocarbon dating. Radiocarbon 

dating need therefore to be proceeded by a careful assessment on the quality and quantity of 

available organics as suggested for instance by Bonneau et al. (2011). Alternative options of dating 

Ca-oxalates were performed (e.g. Watchman, 1993; Mazel and Watchman, 2003 Pecchioni, et al 

2019). But also, in this case we need to be aware that the oxalate system is not stable: oxalates crystals 

can be well preserved or resulting by multiple episodes of deposition or recrystallized in subsequent 

phases. The 14C system within rock art cannot be considered close without specific investigation on 

the mineralogy and crystallography of calcium oxalates. 

 

7. Conclusion 

The application of physical and chemical analyses to the study of rock art evidence in Africa is still 

in an embryonic phase. The primary focus of the analysis performed in different areas of the 

continent was – and still is – referred to the chronological issue. However, in the last years a few 

works highlight the need to change perspective in terms of aims and procedure of sampling, 

pointing at a multi-analytical investigation of rock art. 

 Yet, our work on the rock art of southern Ethiopia presents the preliminary results of an 

integrated approach to the rock art, combining archaeology, geology, paleoenvironmental study, 

with microscopic, bio-chemical and microbiological study. The first results (field observations and 

preliminary SEM-EDS analyses) revealed the complexity and multidirectionality of processes acting 

on the rock faces depicting rock art and promoting physical, chemical, and biological weathering. 

Desquamation and disaggregation of the rock supports, formation of mineral crusts, and 

microorganisms living in pigments or within the rock support have manifold impacts on rock art, 

destructive as much as protective. Further analyses will allow clarifying the role of each process – 

and its triggering factor – on the current characterisation of the pigments, as well as on the processes 

of deterioration or preservation of the artworks. 
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Figure 7 – SEM pictures illustrating the degree of weathering of quartz and feldspar crystals. (A) 
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quartz grain. 

Figure 9 – SEM pictures illustrating biological remains. (A-C) Fungal hyphae growing on crystals; 
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mixture of gypsum and likely hyraceum (notice the spheroids similar to those showed in 

figure ‘D’). 
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