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Abstract: Rock art is a widespread cultural heritage, representing an immovable element of the
material culture created on natural rocky supports. Paintings and petroglyphs can be found within
caves and rock shelters or in open-air contexts and for that reason they are not isolated from the
processes acting at the Earth surface. Consequently, rock art represents a sort of ecosystem because
it is part of the complex and multidirectional interplay between the host rock, pigments,
environmental parameters, and microbial communities. Such complexity results in several
processes affecting rock art; some of them contribute to its destruction, others to its preservation. To
understand the effects of such processes an interdisciplinary scientific approach is needed. In this
contribution, we discuss the many processes acting at the rock interface —where rock art is present—
and the multifaceted possibilities of scientific investigations—non-invasive or invasive —offered by
the STEM disciplines. Finally, we suggest a sustainable approach to investigating rock art allowing
to understand its production as well as its preservation and eventually suggest strategies to mitigate
the risks threatening its stability.

Keywords: rock art; sustainability; ecosystem; surface processes; non-invasive sampling; scientific
analyses

1. Introduction

Rock art is widespread worldwide, from hyperarid deserts to remote islands, and
represents one of humans’ most fascinating cultural manifestations. Pictograms and
petroglyphs are part of the archaeological record and can be found within caves and rock
shelters or in open-air contexts. In all cases, rock art is directly connected to its past and
present environmental settings for multiple reasons [1,2]. It is an immovable element of
the material culture, created on natural rocky supports (boulders, vertical/flat rock
outcrops, rock walls of caves and rock shelters) embedded in the landscape. Furthermore,
rock art often depicts motifs representing past environments/ecosystems (e.g., [1,3,4]),
and can serve as proxy data to reconstruct past biomes. Finally, the tight nexus between
rock art, its natural support, and the surrounding landscape led paintings and engravings
to suffer the same surface processes affecting rock surfaces along the Earth Critical Zone
[2,5], the outer part of the planet spanning from groundwater to vegetation top that
supports life on the Earth’s surface [6].

Consequently, physical, chemical, and biochemical weathering and erosion menace
the preservation of the world’s rock art [7-9]. Surface processes include a large variety of
events and dynamics that can destroy rock art or, in a limited number of cases, preserve
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it. Such processes act at different scales of resolution—from the macro- to the micro-
scale—but the most common of them work at the micro-scale, thanks to the interaction
between the lithosphere, atmosphere, hydrosphere, and biosphere. The interaction
between the rock surface, pigments (in the case of pictographs), and microorganisms
produces effects that are often detectable to the naked eyes in terms of degradation of the
artwork (dismantling, exfoliation, change/fading in color, formation of crusts of biofilms),
but in some cases, they contribute to stabilize surfaces and thus preserve rock art.
However, their complete comprehension needs specific interdisciplinary laboratory
investigations (Figure 1). At the same time, human activities may increase the rate of
deterioration of rock art or cause its destruction. Rock art is a dynamic system at the edge
between many compounds of the near-surface Earth Critical Zone. Therefore, to
understand its formation and preservation, it has become mandatory to investigate the
composition of rock art, the host rock, and the microbial communities (Figure 1), as well
as for each type of cultural heritage [10].

Archaeology \/ cfll::laizfgéy
A 4

Geomorphology

Rock Art
Research

Mineralogy
Petrography Microbiology

Figure 1. Today, rock art research is extremely interdisciplinary and requires skills from the
humanities as well as from STEM disciplines.

In this contribution, we explore the possibility offered by archaeological science to
investigate rock art, going beyond the mere characterization of pigments and binder, and
dating. We offer an overview on different approaches, including the description of the
host rock, the role played by the local microbial community and the alteration that the
rock art ecosystem suffered since its creation. Because surface and near-surface rock art
contexts (rock shelters and open-air sites) are the most endangered, we focus our work on
them. We discuss the sustainability of scientific analyses in terms of sampling and
preservation. We suggest that a specific approach to sample pictographs and petroglyphs,
while reducing the impact of sampling and maximizing information to mitigate ongoing
or future threats, is mandatory.

2. The Fragility of the Rock Art Ecosystem and the Challenge of Sustainability

From the perspective of rock art fragility and its interaction with environmental
processes menacing its stability and preservation, we can distinguish three major rock art
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sites conditions. In fact, if one considers rock art sites (i) inside a cave, (ii) in the atrial part
of a cave or in rock shelters, or (iii) in completely open contexts, then a growing interaction
with surface processes is evident. Such categories are merely related to topographic and
geomorphological factors tuning the stability of environmental processes in
correspondence of rock art sites and have no cultural, anthropological, or artistic
implication.

Cave sites (Figure 2) are often isolated from the surface dynamic, and their micro-
environmental conditions are generally steady up to the discovery of rock art when
pristine climatic and biological conditions are perturbated by humans visiting the site for
scientific and/or touristic purposes [11-16]. In such conditions, for instance, variations in
humidity, light, and the colonization of microorganisms represent a potential threat to
rock art [17-20], as well as for the whole cave ecosystem [21,22]. The complex ecology of
communities living in natural caves has been known and explored for a long time (e.g.,
[22,23]), but specific investigations have also disclosed several microorganisms interacting
with pigments in cave sites [18,24-26], whose metabolic processes are possibly critical for
the preservation of rock art. Cave rock art sites thus appear to be substantially stable and —
apart for the case of perturbation of their climatic and microbiological settings —they are
substantially conservative.

Figure 2. Some examples of caves illustrating different types of deterioration of the rock walls
potentially involving rock art. (A) Green biofilm, karst dissolution, and modern graffiti on the wall
of a cave from northern Italy. (B) Mn-bearing coatings on the wall of a cave from the Italian
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Apennines. (C) A cave in southern Italy with speleothems covering the rock walls and obscuring
the pristine surface.

The case of rock art sites along the walls of the atrial part of cave or rock shelters is
different. From the geomorphological point of view, we consider in this category all of the
locations that are close to the Earth’s surface, but they are, at least in part, sheltered under
a rock roof (Figure 3). These include the atrial part of deep karst or solutional galleries and
various types of rock shelters, formed after deterioration/erosion of rock walls or related
to the collapse of rock cliffs. For the sake of brevity, we refer to this category of rock art
locations as rock shelters. Due to their proximity to the surface, rock art sites in rock shel-
ters deeply interact with physical, chemical, and biological surface processes. For the same
reason, rock art galleries on bare rock walls or boulders in open-air contexts (Figure 4) are
tightly related to the complex dynamic of processes acting at the interface between the
lithosphere, hydrosphere, atmosphere, and biosphere. From our point of view, picto-
grams and petroglyphs found in rock shelters and open-air contexts share similar contexts
and are affected by the same processes. Moreover, such processes oversee the preserva-
tion of rock art as well as its rocky support [5]; for that reason, we cannot distinguish
between the stability and decay of the host rock and the preservation of rock art pigments.

Figure 3. Some examples of rock shelters with rock art from (A,B) Ethiopia and (C) the Sultanate of
Oman. In each case, the lithology of the bedrock and environmental processes oversees their for-
mation and preservation along time.
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Figure 4. Some examples of open-air contexts with tock art: (A) rock wall with engraved hieroglyphs
from Sudan, (B) a boulder with engravings in the Sultanate of Oman, (C) a granitic boulder (tor)
with paintings in southern Ethiopia.

The host rock, mineral, and organic elements of pictographs and the biological com-
munity living at the interface between the two [27,28] interact in terms of biogeochemical
cycles and thus belong to the same system. From this perspective, we must introduce the
concept of ‘rock art ecosystem’ (Figure 5), meaning the complex and multidirectional in-
terplay between the host rock, pigments, environmental parameters (humidity, light, pH,
Eh, alkalinity, etc.), and the biological community that at the micro-scale tunes the preser-
vation of rock art. Defining rock art as an ecosystem implies the existence of multiple in-
teractions between a group of living organisms (the rock art and rock surface biome) liv-
ing in a specific environment, represented by the rock-air interface and pigments.
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Figure 5. Theoretical sketch illustrating the concept of a ‘rock art ecosystem’ as the result of the
interaction between the rock substrate, pigments, the biological community and external environ-
mental the processes. Key: (1) pigment; (2) SABs (epilithic or endolithic); (3) exogenous forcings; (4)
rock; (5) external environment; (6) biogeochemical exchanges between the components of the sys-
tem.

To understand the processes controlling the preservation or destruction of rock art,
it is therefore mandatory to investigate a complex ecosystem, including all of the mineral
and biological components, postulate strategies for its preservation, and identify the way
for its sustainability. Various multifaceted analyses on the rock are required to understand
active and inactive processes at each site, assess the ongoing dynamics, and suggest future
scenarios, including mitigation strategies for specific threats.

3. Processes Affecting Rock Art Stability

In this section, we offer a brief overview of natural and human-induced menaces
threatening rock art sites in rock shelters and open-air contexts; the same processes are
summarized in Table 1.
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Table 1. Summary of major processes affecting rock art sites.

Process Natural/Human Scale Location Effect
Destruction of rock
. . Rock shelter and open- .
Slope instability Natural Macro-scale . substrate; slope deposit
air contexts .
covers rock art sites
. Exfoliation; granular
Cryoclastism Rock surface along . .
. disaggregation;
Thermoclastism Natural Meso-scale rock shelter and open- .
. . breakage; spallation;
Haloclastism air contexts . .
surface rejuvenation
Rock surface
Rock surface along desquamation and
. . , Meso-scale to macro- , .
Biological weathering Natural scale rock shelter and open-  disruption; ecofacts
air contexts (e.g., invertebrate nest)
cover rock art
Promoting
desquamation and
. Rock interface along granular
Meso-scale to micro- . .
SABs growth Natural scale rock shelter and open- disaggegation;
air contexts stabiliziation of rock
surface; formation of
case hardening
) Micro-scale to meso- ) Decoloration,
Atmospheric agents Natural Pigments _ _
scale degradation, erosion
Deterioration of rock
surface; decoloration;
Continuos human Human Macro-scale to micro- Rock shelter and open- destruction; rubbung
occupation scale air contexts of surfaces; alteration
of chemical
composition
: Macro-scale to meso- Rock shelter and open- _
Intensive land use Human . Destruction
scale air contexts
Destruction;
deterioration of
. Rock surface along .
. Meso-scale to micro- surfaces; alteration of
Uncontrolled tourism Human rock shelter and open- . o
scale _ chemical composition;
air contexts -
decoloration;
vandalism
Destruction;
Inadequate . Rock surface along decoloration;
. .. . Meso-scale to micro- ]
investigation/restoratio Human rock shelter and open-  acceleration of the

n

scale .
air contexts

deterioration of
surfaces

3.1. Natural Processes

The origin of rock art dates to the Upper Pleistocene, when parietal representations
appeared at many world locations (e.g., [29]). Since that time, the locations of sites and
rock art itself underwent several, major, rapid, or long-term climatic and environmental
changes tuned by global climatic dynamics and local forces. For that reason, many repre-
sentations depicted in rock art refer to specific environmental conditions and constitute
an archive of proxy data for paleoenvironmental reconstruction complementary to the
natural hydroclimatic archives commonly explored in Quaternary sciences [30-32].
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A further implication of the initial statement of this section is that manifestations of
rock art arose over a very long period under climatic and environmental conditions that
often are no longer in balance with those of today (e.g., [2,5,33,34]). This has been primar-
ily explored in arid lands of the Old World, where rock art representations dating to the
latest Pleistocene and the Early and Middle Holocene preserve evidence of a fauna assem-
blage not compatible with the present-day biome of the Saharan and Arabian deserts (e.g.,
[1,31,35-39]), thus suggesting the occurrence of major, regional climatic shifts. Such sig-
nificant climatic and environmental changes involved all of the components of the land-
scape. Consequently, the rock art ecosystem thermodynamically evolved towards new
equilibria in terms of physical and chemical modifications of the host rock and pigments,
and the evolution of the microbial communities. Moreover, a major climatic transition oc-
curred globally since the Middle Holocene [40] and one of the main consequences was the
activation of several geomorphological processes that increased the possibility to damage
archaeological sites and destroy rock art galleries [34].

From the geomorphological viewpoint, surface processes acting at the micro-, meso-
and macro-scale influence landscapes and ecosystems [41,42], including the rock art eco-
system (Figure 6). Among geomorphological processes, slope and fluvial processes are
the most important actors in the preservation or destruction of pictographs and petro-
glyphs at the macro-scale. In open-air contexts, the degradation by gravity of rocky slopes
may destroy or cover rock art sites. Similarly, the aggradation of sedimentary deposits
along riverbeds or the lateral erosion of rivers may obscure rock art sites. Such processes
are tuned by environmental changes, and ongoing climate change amplifies the dy-
namicity of natural systems thanks to the acceleration and increase of intensity of several
geomorphic processes [43]. Extreme weather events, for instance, fuel catastrophic flood-
ing events that are even more severe in arid lands, where the absence of vegetation cover
hampers the possibility to protect the soil and reduce the times of concentration of rivers.
More in general, we may refer to the concepts of biostasy and rhesistasy proposed by [44],
suggesting that phases of instability push towards the obliteration or destruction of rock
art and phases of biostasy may promote the rejuvenation of rock surfaces. Climatic insta-
bility oversees the increase in the intensity of slope failure and rockfall that involves rock
art sites. The collapse of the roof of rock shelters, for instance, occurred at the transition
towards more cold or arid conditions, and it is related to large-scaled cryoclastism or ther-
moclastism. In some cases, rockfalls involved rock art galleries. Along river catchments,
paroxistic events of floods, including the rapid increase in fluvial load, trigger significant
soil erosion, mobilization of blocks and boulders, and deposition of sediments. This is
particularly severe in arid lands, where occasional and localized rainfall may result in
destructive flash floods. Occasional rainfall also promotes runoff along slopes and some-
times along the walls of rock shelters, leading to the deposition of thin coatings of mud
and calcite that occasionally cover paintings and engravings and promote microbial colo-
nization.
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Figure 6. A variety of examples of rock surface decay from rock art sites or near them. (A) Lichens
growing on engravings in an open-air site of Ethiopia. (B) Exfoliation of a granite surface; notice
also the dark SAB covering most of the surface. (C) Exfoliation over a small area of paintings from
a rock shelter in southern Ethiopia. (D) Hymenoptera nest in a rock shelter from southern Ethiopia.
(E) Whitish crusts covering paintings in a rock shelter from Ethiopia. (F) Whitish crusts and dark
SAB covering paintings in a rock shelter from Ethiopia. (G) Exfoliation and accumulation of reddish
Fe-rich oxides on the surface of a rock shelter from Ethiopia. (H) Biological weathering on a lime-
stone from southern Italy. (I) Effect of dissolution on a limestone from southern Italy.

At the meso-scale, thermoclastism, cryoclastism, and aloclastism induce large frac-
tures on rocks that are evident on cliffs, walls, and single boulders, as well as—at the mi-
cro-scale—flaking, spalling, exfoliation, and granular disintegration. Such processes are
critical along the walls and roofs of rock shelters, and most likely, this process oversees
the loss of many rock art galleries. For instance, in arid lands, seasonal or daily tempera-
ture excursions trigger thermoclastism. Even though the true effects of this process are
still debated, it appears evident that on granular and polymineral rocks, continuous ex-
pansion and contraction of grains promote the rejuvenation of surfaces through flaking
[45,46]. A further process acting in arid regions is wind abrasion acting at the very rock
surface; impacts of sandy particles amplify granular disaggregation and surface polishing
including consequences on engravings [47]. Humidity is a further factor that can promote
the rate of the dismantling of rock shelters. In fact, capillarity allows water to promote
solutional weathering and weakens the outer part of rock walls. In the Sahara, it has been
observed that this process was favored within rock shelters with organic deposits and in
the proximity of joints between permeable and impermeable rock strata, because both fac-
tors promote the permanence of water in the proximity of the rock surface [48,49].

Various weathering processes act at the interface between the atmosphere and the
rock [50], thus also involving paintings and engravings. At the micro-scale, it is hard to
distinguish between physical, chemical, or biological weathering and most processes are
a combination of them [51,52]. Physicochemical, biophysical, and biochemical weathering
are the processes observed worldwide, and among them, biogeomorphological processes
are the most evident. Insects and other invertebrates are very active on rock surfaces; for
instance, wasps use the rock surface as a substrate to build up nests or excavate the rock,
leading to its mechanical disruption [53]. Nevertheless, the most effective biogeomorpho-
logical processes acting at the rock-atmosphere interface are those promoted by microor-
ganisms (bacteria, fungi, and algae) living above or inside the rock surfaces (Figure 4):
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epiliths and endoliths, such as criptoendoliths, and chasmoendoliths [54]. Thus, it is not
surprising to observe a thin veneer of densely packed microorganisms bound together by
a secreted extracellular polymeric matrix (EPM), which forms complex communities
called sub-aerial biofilms (SABs) [55]. Biofilm-dwelling cells interact intimately, influenc-
ing each other’s evolutionary fitness through cooperative and collective behaviors. This
social behavior confers cells substantial advantages compared to their planktonic coun-
terpart in terms of increased resistance and resilience against external threats including
desiccation and antimicrobial agents [56].

The growth of SABs on stone heritage has long been associated with a threat to con-
servation called biodeterioration, an undesirable change in material properties caused by
the microorganisms’ activity. This is not surprising given the widespread evidence of bi-
ogeomorphological (e.g., secondary mineral formation, EPM swelling, and contraction)
and biogeochemical processes (e.g., production of organic and inorganic acids, metal-
complexing EPM), which are vital to pedogenesis [57,58]. While SABs on stone heritage
imply current or past interactions with the lithic substrates, their presence does not nec-
essarily have a biodeteriorative role as is frequently thought [59-61]. A growing body of
literature has reported SABs’ neutral or even bioprotective effects on stones under certain
conditions [62-66]. Such findings, combined with advances in biomineralization studies
with indigenous carbonatogenic bacterial communities [67-69], have strengthened the
concept of SAB-based protection as a sustainable strategy for stone heritage conservation
[70,71]. SABs oversee many surface processes acting at the micro-scale on rock surfaces.
Some of them are destructive and contribute to the rejuvenation of rock surfaces because
they promote disaggregation and exfoliation, whereas others contribute to surface stabi-
lization. In both cases, SABs action is relevant for rock art studies (Figure 7).

Figure 7. Examples of rock shelters displaying different types of SABs and other kinds of rock alter-
ation from (A) the Sultanate of Oman, (B) Kurdistan Region of Iraq, and (C,D) southern Ethiopia.
In each picture the difference is evident between the pristine rock surfaces and those where darkish
to whitish SABs developed.

SABs flourish along the rock walls of open-air contexts and rock shelters (Figure 7),
and their development is related to local environmental settings; many parameters such
as environmental humidity, sunlight, and wind tune their formation and evolution. SABs
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forming on the rock surface may obscure pictographs and petroglyphs, and, in the case of
paintings, SABs can interact with their mineral and organic constituents, leading, for in-
stance, to their decomposition or removal. Biogeochemical cycles between rock art pig-
ments and SABs/microorganisms (Figure 5) are poorly investigated but likely oversee the
diagenesis of organic binders and prevent obtaining reliable radiocarbon dating of rock
art. The case of endoliths may represent a great threat to the preservation of rock art sites.
At many sites, paintings suffer severe damage due to granular disaggregation and des-
quamation, which can be promoted by chemical and physical stress triggered by the met-
abolic processes of microorganisms. The factors controlling desquamation are many and
their action and interaction have never been entirely investigated. It seems that desqua-
mation is the combined result of physical weathering and biological activity [50,72,73].
The accumulation and efflorescence of solutes (mostly gypsum, halite, oxalates), some-
times microns below the rock surface, promotes physical weathering and the detachment
of the uppermost rock layers thanks to the continuous growth of crystals (haloclastism).
Solutes have a twofold origin: they are accumulated from the local alkaline aerosol, or
biomineralized (as a by-product) by different microorganisms living at and within the
rock surface (endolithic organisms).

Microbial communities contribute to the formation of rock coatings [74], which some-
times have a sheltering effect on rock surfaces [33]. The most recurrent example of coat-
ings formed after biogeochemical weathering and relevant to rock art research is Mn-
and/or Fe-rich rock varnish. Rock varnish is the biochemical accumulation of manganese
(and/or iron) oxyhydroxides thanks to the mediation of microorganisms [74-77]. The for-
mation of rock varnish has been observed in different world environments, but it is note-
worthy to notice that its preservation is favored in arid environments. Mn/Fe biomineral-
ization likely occurs under semi-arid environmental conditions, and climatic transitions
towards arid environmental conditions hamper the rejuvenation of rock surfaces; this has
been reported in many deserts of the world [74]. From the geomorphological point of
view, rock varnish plays a twofold role, being sometimes a canvas for engravings, and in
other cases the dark veil covering and protecting surfaces (Figure 8).

Figure 8. Mn and/or Fe rock varnish is relevant for engravings because it can preserve engravings
from destruction as reported from the Sultanate of Oman (A). Moreover, rock varnish is also a type
of natural canvas for petroglyphs, as evident from (B) engravings on a limestone block covered of
Fe-rich varnish from the Sultanate of Oman and (C) engraved hieroglyphs on a rock wall of granite
covered by a Mn-oxyhydroxides bearing coating found in Sudan.

When rock varnish is a relict landscape feature or the rate of varnish formation is too
slow to re-cover engravings, it represents a non-renewable canvas for ancient artists and
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i.

iii.

the rate of varnish [76,78]. However, the partial regrowth of rock varnish is a valid relative
dating method for engravings superimposition [76,79], as well as offering the opportunity
to estimate petroglyphs” age via chemical measurement of elements and areal density of
Mn and Fe [80-84]. From a different point of view, the formation of continuous and some
tens of microns-thick Mn-rich coating represent a case-hardened shell [61] protecting rock
surfaces against wind abrasion. Where deterioration processes are particularly severe, the
development of a biomineralized Mn- and Fe-rich rock varnish inside the grooves of the
engravings hampers the effect of rock dismantling, sheltering petroglyphs and promoting
their preservation [33].

Finally, it has been reported that biogeomorphological processes leading to the de-
struction of rock art are more abundant when—as in correspondence of many rock shel-
ters—a thick archaeological deposit, rich in organics, is present [49]. Likely, this is the
consequence of the micro-environmental conditions created in the rock shelter due to the
accumulation of organics that increases local moisture and promotes microbial activity.
However, the state of conservation of paintings is excellent if they have been buried for a
long time in a sterile environment and only recently exhumed [35].

Paintings have been subjected to perhaps even more severe degradation than engrav-
ings, due to their intrinsic lower resistance to atmospheric and biological agents and sur-
face processes. They have been preserved on the sections of shelters protected from the
action of rainfall, wind, and direct sunlight, but other processes are involved in their pro-
gressive degradation (see below).

3.2. Human-Related Processes

Anthropogenic processes, ranging in intensity and severity, represent a critical threat
to rock art preservation. Deliberate damages related to vandalism have the most immedi-
ate and destructive effects. Spray paint or engraved graffiti covering rock art are reported
worldwide with different damage intensities [8,85-87]. The removals and thefts of por-
tions of rock art panels have been frequently reported, as done by collectors, and some-
times in the past also by scholars [88-90]. To these deliberate damages, we should also
add acts of iconoclasm that can target and destroy specific motifs [91-93].

Furthermore, it is possible to identify at least four other sets of anthropogenic pro-
cesses that can (more or less) accidentally menace rock art, such as (i) the daily use of rock
art shelters and caves through the millennia, (ii) unsustainable and uncontrolled economic
development, (iii) the inadequate management of rock art heritage, and (iv) improper and
unprofessional research study.

Rock art sites are often places where people live or at least spend part of their life,
conducting activities that can have long-term and cumulative negative impacts on
rock art. The use of fire and the continuous touch or rubbing of humans and/or ani-
mals on rock art panels result in the formation of patination that may cover the orig-
inal painting or contribute to their deterioration [94,95]. Additionally, the presence
of domestic animals can disturb rock art, influencing the humidity and/or chemical
composition of the atmosphere in correspondence with the rock wall.

Many different processes related to economic development can negatively impact
rock art sites with different degrees of damage. Oil exploitation, mining, building,
and infrastructures are only a few examples of the anthropogenic processes that can
accelerate the degradation or even cause the destruction of rock art contexts in the
open air. The effects of oil prospections can accelerate the cracking of the host rock
surfaces, whereas mining, buildings, and infrastructure can cause the removal, dis-
placement, and destruction of rock art panels [96,97].

The lack of adequate management of rock art sites associated with unsustainable
tourism can also dramatically impact rock art. The absence of protections distancing
visitors, visitor centers, or informative panels open the way to inappropriate site vis-
its, increasing the risk of touching, wetting, and vandalism to the rock art (e.g., [86]).
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iv.

Improper recording and restoring/conservation processes can significantly impact
rock art. Invasive techniques of recording by direct contact and rubbing of paintings
and engravings surfaces conducted by researchers contribute to the fading and van-
ishing of painted motifs, the alteration of carvings, and the damage of rock surfaces
[98,99]. These actions can also be combined with other processes, such as enhancing
the contrast between a pictograph and its rock substrate by wetting the rock surface
with water or other liquids [100] or inadequate attempts to obtain casts of the petro-
glyphs. The former causes the fading and vanishing of paintings, whereas the latter
results in the deterioration of the rock surface, the partial removal of the original rock
varnish, and possibly the permanent littering of the rock. Furthermore, the use of
chemical products (e.g., Paraloid B-72) to consolidate rock and painting surfaces can
result in a darker tone in the color of the painting and rock surface and a crust effect,
increasing the risk of surface spalling [101].

4. Methods for Investigation of Rock Art

From this brief review on processes acting in rock shelters and open-air contexts, it is
clear how many varied factors represent potential threats to rock art. Some of the physical
and chemical processes that cause the degradation of the rock surfaces on which there are
manifestations of rock art are very evident and trigger huge losses. Climatic and environ-
mental factors promote processes, and ongoing climate changes amplify their effects. Yet,
biophysical and biogeochemical processes acting at the very rock-air interface and related
to the existence of SABs are much more challenging to identify, quantify, and interpret.
Likely, most of them oversee the loss of rock art, but in some cases—especially in the case
of SABs—they can hamper the efficiency of specific destructive processes. In such a com-
plicated scenario, mitigating the effects of natural processes with targeted interventions
and eventually planning in situ restoration are the only possibilities for preserving rock
art. To accomplish the task of threat identification, a specific diagnostic approach that in-
cludes monitoring of each site and scientific analyses of rock art and the bedrock is re-
quired. We believe that the two components (rock art and rock substrate) must be inves-
tigated together, as they represent a unique ecosystem.

Starting from this consideration, we suggest a biogeomorphological approach to
weathering processes based on in situ and laboratory analyses of rocks and pigments, and
the multidisciplinary investigation of SABs [5,27,33,102]. As most of the rock decay pro-
cesses act at the micro-scale—thus representing a sort of ‘phantom menace’ —it is almost
unrealistic to identify and describe threatening processes without sampling SABs, pig-
ments, and the rock surface. An in situ characterization of the components of the rock art
ecosystem is not entirely informative, as it is impossible to fully understand the proper
dimension of the biological community and ongoing biogeochemical cycles. Physical,
chemical, mineralogical, and biological analyses on rock surfaces and rock art have differ-
ent degrees of disturbance, from non-invasive to considerably invasive, depending on the
applied sampling strategy and the amount of material sampled for analyses. The scientific
community is aware that rock art sampling is controversial, because, in many cases, it
leads to great damage (e.g., Dayet et al., 2022 [103]), but recent approaches demonstrate
that strategies of limited destruction and almost non-invasive sampling are possible [5].
Besides that, we are also aware that scientific investigation is mandatory to understand
many cultural traits of rock art [104], including ancient technologies and the choice of in-
gredients for pigments [105-108], and for dating [109-111]. Scientific analyses in the recent
two decades revealed diverse mineral colorants in pigments, and in rare cases investi-
gated organic binding agents that are more prone to deterioration.

We briefly review the major possibility offered by scientific investigations on rock
art, which are reported in Table 2. Non-invasive methods are currently applied to record
rock walls hosting rock art [112-114] and to assess their state of preservation, including to
identify ongoing processes of rock decay [115]. Different instruments (including low-cost
instruments) and methodologies have been applied to perform structure-from-motion
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photogrammetry on rock art panels. Moreover, several indexes exist to scientifically esti-
mate the stability of rock art and they are based mostly on biogeomorphology observa-
tions and in situ measurements [34,116]. Stability indexes offer the first effective tool to
plan investigation and preservation strategies, as in the case of the Rock Art Stability In-
dex [117,118].

Table 2. Summary of scientific analyses carried out on rock art illustrating their aims, limitations,
and invasiveness of sampling.

Analytical Method Sample Requirements Research Question Information Provided Limits
Structure-from-motion . . . 3D models or rock art
Non-invasive Rock art recording .
photogrammetry sites

e . . Define the preservation Quantitative data on
Stability indexes Non-invasive P Q .

of rock art rock surface stability

Enough sample to . - . . . . .
& p Mineral composition Identify minerals and  Difficult to identify

Optical microscopy

manufacture thin

and texture their interaction organic constituents

section

Portable: in situ,

. Detect elements
no sampling;

Inorganic pigment, bed Qualitative elemental

XRF . . . heavier than Al or Si;
benchtop: sampling  rock, crust, accretions analysis
. only surface analyses
required
Background noise and
Portable: in situ,  Organic and inorganic  Identify minerals, &
. , ) . . fluorescence affect
Raman no sampling; benchtop: pigments, bed rock, organic and inorganic .
. . . results in situ; only
sampling required crust, accretions molecules
surface analyses
. . Difficult to identif
Small sample to . Quantitative mineral . y
XRD Crystalline structure . pristine and newly
produce powder analysis .
formed minerals
Small sample to More proficient with
at samp Mineral and organic  Identify minerals and re proficent wi
FTIR produce KBr powder _ . amorphous and
. residues organic molecules . .
pellet or micro-sample organic materials
Non-destructive to
sample but requires  Surface morphology, _ . L.
4 bp " tr. qur d b ta i }I: fi;y High resolution images Anal .
carbon coating an stratigraphy an . o nalyses are semi-
SEM-EDX . g & P,y and semi-quantitative y o
sometimes polished composition of . quantitative
. X elemental analysis
surface; alternatively pigments

very small samples

Confocal laser
scanning microscopy

Non-invasive sampling SAB architecture and 3D images and semi-

Analyses are semi-

interaction with the o
quantitative

mineral substrate

procedure through
adhesive tapes

quantitative analyses
of the SAB components

Qualitative and

quantitative data about Difficult to recover

Molecular Small samples, Structure and function . - . .
. . ; ) the identified genetic materials from
investigations destructive of the SAB community . .
microorganisms and SABs on rock art.
their activity.
Small samples, Concentration of Quantitative analysis
ICP-AES ; -
destructive elements of major elements
Concentration of Quantitative analysis
Small samples, )
NAA elements, provenance  from major to trace

destructive .
studies

elements
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LA-ICP-MS

Small samples, micro-

Concentration of ~ Quantitative analysis

elements, provenance from major to trace

sample studies elements
GCMS Small samples, Organic binder Identify organic
destructive molecules
LC-MS/MS Small samp les, Organic binder Identify proteins
destructive
Require a preliminary
Small samples, . .
AMS 14C destructive Chronology Age of painting assessment of organic
content
Relative age of Possible gaps betffv'een
. . . s . L o carbonate deposition
Uranium-series dating  Drilling microcores Chronology painting (limit ante or

and rock art

post quem) production

A wide range of geochemical techniques have been used to characterize the compo-
sition of rock art and ochre materials ([107,119] and references therein), in which the min-
eral composition could be identified by thin section petrography, X-ray diffraction (XRD),
Raman spectroscopy and Fourier transformed infrared spectrometry (FTIR). Elemental
analysis could be carried out by semi-quantitative methods such as scanning electron mi-
croscopy coupled with dispersive X-ray spectroscopy (SEM-EDX) and X-ray fluorescence
(XRF), or the concentration of elements could be determined by inductively coupled
plasma and atomic emission spectroscopy (ICP-AES), neutron activation analysis (NAA),
and laser ablation inductively coupled mass spectroscopy (LA-ICP-MS), in which NAA
and LA-ICP-MS are considered the most sensitive to trace elements [120]. Among these,
the portable version of XRF and Raman are non-invasive methods that could be executed
without sample removal and preparation, while the attenuated total reflectance (ATR)
mode of FTIR and LA-ICP-MS require tiny volumes or micro-samples. It is important to
highlight that portable instruments can be easily employed in the field but with the limi-
tation of use only on external surfaces. To preserve the integrity of the rock art, non-inva-
sive spectroscopic analyses are recommended for a preliminary inspection to thoroughly
understand the current situation in situ. Based on preliminary analyses, plans could then
be laid out for sampling that is crucial to answering research questions, thus minimizing
the risk of damages. This strategy requires the use of portable instruments that could be
transferred to the site [107], but not in remote rock art contexts. The most applied devices
are portable XRF (pXRF) and Raman. Portable XRF can read elements heavier than Al or
Si; it is, therefore, possible to identify pigments in rock art palettes such as Fe from red
hematite ochre and Mn in black manganese oxides [103]. Raman identifies both minerals
and organic substances but encounters difficulties when identifying organic binders in
situ due to fluorescent background materials; moreover, the possible diagenesis of organ-
ics may hamper the possibility to distinguish between primary constituents and neofor-
mations. FTIR can act as a complementary vibrational spectroscopy method in some cases
for characterizing organic binder residues. However, sampling is usually required for fur-
ther details, and such is the case when using gas chromatography-mass spectrometry
(GCMS) that effectively identifies organic molecules in works related to cultural heritage
[107,121]. Non-invasive spectrophotometric and colorimetric methods have been occa-
sionally applied to rock art research to characterize paintings and engraved rock surfaces
based on color gradations; spectroradiometers, colorimeters, and mobile platform apps
for recording of color have been tested [122,123]. Such methods have been developed to
improve the characterization of colors for recording of rock art sites [124] and sometimes
include the development of low-cost software allowing the colorimetric recording from
complete image scenes with commercial cameras [123]. In situ microfading spectrometry
has been tested for mapping color degradation of rock art paintings [125], and colorimetric
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analysis testing the possibility that color gradations might be quantifiable for purposes of
dating has been experimented on petroglyphs [126].

In recent decades, archaeological dating methods improved precision and minimized
the amount of sample needed [110,111]. These developments also benefit the dating of
rock art, which is more challenging than other archaeological issues due to the limited
material available for dating. Radiocarbon dating remains the most exploited methodol-
ogy because colors are generally obtained by mixing mineral pigments and organic binder
(milk, egg, honey, resin). Unfortunately, the organic remains of microorganisms are also
present within pigments; their occurrence suggests that the organic binder may offer a
good substrate for bacteria, fungi, and algae, but also implies that the organic fraction of
paintings underwent degradation and diagenesis across time [5,30]. This is one of the rea-
sons why radiocarbon dating on paintings is very difficult and requires accurate identifi-
cation and characterization of the organic compound submitted to measurements
[127,128]. The main component of rock art—namely the organic pigment, charcoal, carbon
black or soot—is scarce and available to limited sampling due to its value and conserva-
tion issues. Moreover, what will be analyzed for each individual sample must be under-
stood to interpret the dating result correctly. With accelerator mass spectroscopy (AMS)
14C dating, only a few milligrams of sample are required. Bonneau et al. (2017) [127] em-
ployed an extensive protocol on south African rock art using SEM-EDX, Raman spectros-
copy and FTIR analysis to determine organic carbon in the samples before treating them
with a modified acid-base-acid (ABA) treatment. These investigations helped ensure
enough organic carbon from the paint source while ABA pre-treatment removed contam-
inating calcium oxalates before combustion and graphitization for radiocarbon dating.
Steelman et al. (2021) [129] used a different approach at Eagle Cave in Langtry, Texas,
with plasma oxidation to isolate organic carbon directly from the paint layer, and avoided
loss of dating material during an acid pre-treatment. An alternative to dating pigments is
to date oxalate accretions over and beneath the painting. Calcium oxalates are often asso-
ciated with microbial activities that precipitate minerals over the rock art, obscuring the
art while preventing further deterioration. Oxalates formed under the painting provide
the maximum age while accretions formed over the painting give a minimum age, sug-
gesting a possible chronology for the painting. In this case, carbonate and organic carbon
were removed with plasma oxidation, and pure oxalate samples were dated. Caution is
required in dating oxalates as they are highly soluble and they can suffer multiple recrys-
tallizations [5] and consequent re-opening of the carbon system. The same stratigraphic
concept described for oxalates could be employed for coralloid speleothems formed from
thin water running over the surface [130]. In this case, micro-drilling or scratching of cal-
cium carbonate developed above/beneath rock art can be dated, thus offering not a direct
age for rock art manufacture (as in the case of radiocarbon dating) but a limit ante quem
(speleothem covering rock art) or post quem (rock are above speleothem) for its produc-
tion. Samples of speleothems with paint in between were taken from caves for uranium-
series dating on rock art from Europe [131-133] and Asia [111,134,135]. Carbonates are
more stable than oxalates and U-series dating results are more reliable than other dating
systems. Attempts have been made to determine the age of petroglyphs and weathering
crusts and varnishes efficiently support the substrate for radiocarbon [30,33] and chemical
measurement of elements [80-84]. In this case, the required sample is small, and it can be
collected, after a careful geomorphological assessment of surfaces, on the rock substrate
of engravings but not directly on them. Luminescence methods have been attempted in
some cases; in fact, surface luminescence dating of rock surfaces and Optical Stimulated
Luminescence (OSL) have made some considerable progress and can be applied to en-
graved rock surfaces [136,137]. In this case, sampling can be made not directly on en-
graved surfaces, but such studies must also carefully consider the degree of deterioration
of the host rock surface [137].

The analysis of organic residues and SABs is a new development of heritage science
and offers perspectives on how microorganisms are changing the art and its surrounding
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lithic environment. Early research was conducted in Atlanterra shelter (south Spain) using
cultured methods [138], whereas in recent years, next-generation sequencing allowed the
identification of non-culturable bacteria, which are the majority in environmental sam-
ples. This includes research from Ethiopia that identified bacterial communities from rock
art panels by 165 rRNA gene sequencing, which found bacteria with mineralization po-
tentials that could form patinas, and animal microbiomes possibly resulting from herding
activities at the site [27]. The researchers used confocal laser scanning microscopy (CLSM)
to reconstruct 3D images of the SABs colonizing the colored outer coatings from the Ethi-
opian rock art gallery. The samples were collected using the adhesive tape strip technique,
which allows obtaining a mirrored image of the SABs. This technique is easy to apply,
inexpensive, reproducible, and safe for the rock surface. In addition, it is possible to obtain
information on the morphology and taxonomy of microorganisms and their relationships
with the colonized material surfaces. The 3D SAB images showed the organization of the
microbial communities, highlighting the differences between the two samples investi-
gated. The sample close to the bottom of the rock art panel with a whitish patina presented
a more diverse SAB with higher phototrophs, chemotrophs, and EPM than the sample
taken from the lower right with a red patina on the surface. Another study used shotgun
metagenomics combined with microscopic investigations to reveal the structure and func-
tion of the SABs colonizing petroglyphs in the Negev desert (Israel) [28]. A total of 96% of
the identified sequences were phylogenetically assigned to the Bacteria, suggesting the
predominance of this domain in the SAB community of petroglyphs. The SABs showed
metabolic pathways involved in elements cycles and uptake processes, providing evi-
dence of their potential role in the solubilization and mineralization of the mineral sub-
strates. Interestingly, Roldan et al. (2018) [139] applied both 165 rRNA sequencing and
proteomics (protein analysis with liquid chromatography and tandem mass spectrometry
(LC-MS/MS)) on Levantine rock art to reveal bacterial communities and possible protein
binders. Moreover, metagenomics is often applied to the investigation of the decay of
building materials [55,140,141]. Traditionally, to know genera and species of lichens, sym-
biotic organisms formed by fungi, and algae or cyanobacteria, identification tools were
paper-published as dichotomous keys [142—-144]. More recently, digital keys are also avail-
able [145]. However, we should keep in mind that either cultural or molecular techniques
only provide a current snapshot of the colonization. Thus, previous rock art phenomena
(e.g., mineral precipitation or dissolution) cannot be associated with the current biological
activity with high fidelity, especially if the time gap is significantly large.

5. Non-Invasive or Micro-Invasive Methods?

The delicate equilibrium between sampling and quality of collected data is crucial in
understanding rock art in terms of dating, composition, and assessment of its preserva-
tion. In the case of rock art dating, sampling is mandatory apart from the very few relative
dating cases, such as luminescence dating applied to sediments covering rock art sites
(see, for instance, [35]). State-of-the-art radiocarbon and U-series dating methods require
few milligrams of organics or carbonate, respectively, thus resulting in minimum invasive
sampling. In any case, sampling points fall on representations; only for U/Th dating, the
sampling can be done besides rock art representations, after an accurate assessment of the
lateral continuity of speleothem related to rock art. The same minimal invasive approach
is rarely applicable for radiocarbon dating, except in the case of engravings covered by
rock varnish or other kinds of crusts/coatings [33,76,146].

Non-invasive methods such as photogrammetry and the definition of stability in-
dexes are mandatory to assess the preservation of rock art sites. Moreover, non-invasive
analytical methods can help trace a preliminary assessment of the characteristics of rock
art and its support, but their application is limited to the surface. Yet, the major biogeo-
morphological processes occur within pigments and/or below the rock surface; this sug-
gest that sampling is required to fully understand the relationships between the many
components of the rock art ecosystem and assess the threats to rock art preservation.
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Microsamples also offer the opportunity to conduct laboratory experiments on rock sub-
strate stability after artificial aging [147]. In a recent experiment with pXRF, Dayet et al.
(2022) [103] observed that the heterogeneity of paintings systems and the variability in
primary and secondary minerals hamper the possibility of investigating rock art only fol-
lowing a non-invasive approach and concluded that the best solution for rock art research
is a combination of in situ and laboratory analyses. From this perspective, a micro-inva-
sive approach that guarantees rock art preservation and makes available a small quantity
of pigments and/or rock substrate is mandatory.

In our recent experience in rock art research in a variety of remote locations, we tried
to establish a procedure to reduce sampling and, at the same time, increase the possibility
of mining information using different methodological approaches [5,27,33,148]. In remote
locations, it is hard to transport (or export) portable instrumentation; thus, we decided to
proceed with several steps: (1) biogeomorphological survey of the rock substrate to assess
the potentially many and diversified types of surface rock decay and SABs formation at
the rock surface and/or below it; (2) micro-sampling (using small sterile chisels) of each
type of deterioration evidence on the rock surface, far from rock art representations; (3)
very micro-invasive sampling of painting (pigments) or rock decay evidence related to
representations. The latter point is the most critical of the procedure, and to guarantee the
sustainability of a micro-invasive sampling we decided to use sterile tape for sampling.
The sterile tape removes a minimal part of pigments, SABs, and weathering surfaces from
a rock art gallery, allowing a quantity of sample sufficient for microbiological investiga-
tion and chemical and mineralogical characterization. Tape samples are divided into sub-
samples and sent to the different analytical lines, starting with observation under optical
and scanning electronic microscopes. SEM imaging and semiquantitative analyses guar-
antee the first assessment of the composition of rock art and intensity of rock decay, high-
lighting the occurrence of organics and the interaction between the components of the
rock art ecosystem. Such a procedure is, in our opinion, the best compromise between
sampling and preservation and it allows us to understand the major surface processes
affecting rock art.

6. Rock Art between Sustainability of Research and Responsible Tourism

World rock art constitutes a significant archive on the past that can help understand
tangible and intangible aspects of ancient societies. It represents an extraordinary tool to
fill the gap between the past and present, raising the awareness of civil society about the
outstanding value of this heritage. Furthermore, rock art can represent a significant source
of economic development (e.g., to promote tourism), particularly in remote areas of the
world. However, rock art is one of the most fragile elements of the cultural heritage, a
non-renewable resource that needs to be properly investigated, managed, and preserved.
As evident from this contribution, rock art is a complicate ecosystem, and the understand-
ing of its many interactions requires an interdisciplinary approach. Many natural and an-
thropogenic factors largely damage paintings and petroglyphs as well their rocky sup-
port. In many cases, there is little to do, and prevention is the most effective mitigation
strategy, through education and training of local people, especially in areas where contin-
uous monitoring is not possible. Yet, recent developments in the research allow to mini-
mize the impact of recording and sampling techniques, highly reducing the damages re-
lated to the research.

At the same time, physicochemical and microbiological analyses are opening new
perspective for the preservation of rock art, that, if combined with efficient development
and management plans, can favor and support programs of sustainable tourism. Rock art
has an extraordinary potential for the development of local communities, being highly
appreciated by tourists [149,150]. Today, rock art tourism ranges from well-designed and
controlled visitor centers and full fee-paying tourism ventures run by commercial opera-
tors to unrestricted visitation of archaeological areas promoted by amateur local guided
tours [150]. The different approaches have consequently different results in terms of
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economic growth of local communities and in the standards of rock art site preservation
and maintenance. As suggested by Deacon (2006) [149], the promotion of rock art as a
touristic resource requires shared strategies aimed at understanding the interaction of key
elements that affect the long-term conservation of frequently visited rock art sites as well
as their original environmental and cultural (e.g., ethnoarchaeological) settings. In fact,
specific tourism practices need to be adequate to local circumstances and local stakehold-
ers [150-152] and the successful touristic development of rock art sites must include the
development of the local economy and the promotion the local cultural landscape [153—
155]. In such contexts of potential human-triggered threats to rock art sites, several suc-
cessful examples of touristic accessibility exist, combining preservation and cultural and
economic promotion. In some places there are on-site visitor centers; elsewhere tourist can
freely visit a site without any form of supervision. In the case of caves [150], successful
strategies include the complete closure of the original site, the allocation of a limited num-
ber of visitors, and the definition of restrictions. Occasionally, impressive on-site three-
dimensional replicas of cave sites have been built (e.g., at Lascaux, Altamira, Pont d’Arc)
or replicas are located within archaeological museums. Controlling the access to rock shel-
ter and open-air sites is more difficult [86,150] and requires infrastructure, including phys-
ical barriers, walkways, and information panels. For remote areas where it is difficult to
control the access to rock art sites, a common strategy is to not divulge the exact location
of the sites to allow the access to such sites only through the services of local guides [150].
Finally, new technologies (e.g., immersive virtual reality) can provide powerful tool to
increase the potentiality of virtual visits to rock art sites.

In conclusion, rigid (and standardized) protocols for sampling and analyses are re-
quired [156] to obtain comparable results, and a general more ethical approach to the sus-
tainable study of rock art can no longer be postponed. Sustainability of rock art in terms
of scientific investigation and its exploitation as a touristic attraction is the challenge for
the future.
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