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Abstract

This paper sets out a methodology for calculating the potential zone of damage to which
an Item of Cultural Interest (ICI) located in a karst environment is exposed. An itemised
study of the geological characteristics of the cave environment is proposed: lithological
cartography, endokarst and exokarst geomorphology and the study of fracturing of the
limestone massif. Based on these data and using a Geographical Information System
(GIS), it was possible to calculate the degree of the geological threats on a susceptibility
map, according to the vulnerability of the heritage item to be protected and its exposure
to the identified hazardous geological processes. By combining these parameters, the
existing geological risk was calculated and mapped and the necessary protection area for
conservation of the cultural heritage was defined. This methodology was applied in the
Alkerdi caves located in the municipal area of Urdazubi/Urdax (Navarre, northern Spain).

Keywords: Geological risk assessment, Protection Area, Karst, Rock Art, Geographical
Information Systems (GIS).

1. Introduction

Any discovery of rock art always poses a challenge for the researchers but also for au-
thorities responsible for its management and protection. When artistic items are found in
natural surroundings with no specific legal protection, it becomes necessary to modify
the list of activities permitted in the area. Before any conservation or restoration work
begins, it is necessary to analyse the natural and man-made dangers in the area and the
vulnerability of the item or site, in order to decide where the protection area should be
drawn to prevent any possible impact [1, 2].

Nowadays, there is no tested and globally accepted methodology for calculating geolog-
ical risks in karst environments. Several proposals have been made, for instance, those by
Carrasco et al. [3] (PROTEKARST), Angulo et al. [4] and Iriarte et al. [5], all of them
based on overlapping different layers containing values of different factors and creating
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a zoning map. Similarly, when it comes to establishing the protection area for conserving
an Item of Cultural Interest (ICI) located in a karst environment, there is no tested, objec-
tive, hierarchical model [5]. In the specific case of karst environments, where the natural
and cultural heritage is closely related [6], any calculation of the possible risks entails
complex studies. It is very difficult to devise universal methods that can be applied to all
cases [2], although it is recommended to apply flexible methods, adaptable to the specific
conditions of each region [6].

2. Research aim

The aims of this paper are i) to establish the methodology used to calculate geological
risk indexes throughout karstic massifs, and ii) to define the potential zone of damage and
therefore, determine the protection area required for conserving the new rock art found in
the Alkerdi 1 and 2 caves. This index was calculated based on the detected geological
dangers, the vulnerability of the item to be conserved and its exposure to the identified
geological threats. Due to its flexibility, this methodology is apt to be applied in any karst
environment.

3. Case study: the Alkerdi karst system

The Alkerdi massif is located in the north of the province of Navarre (Spain), in the mu-
nicipal area of Urdazubi/Urdax, adjacent to the French border (Fig. 1A). The massif is
composed of Cretaceous reefal limestones that extend discontinuously in a SW-NE di-
rection and overlie Lower Cretaceous sandstones, and are overlaid by calcareous Upper
Cretaceous Flysch deposits (Fig. 1B). The SW limit of the massif is a Cretaceous fault,
that puts it in contact with Lower Triassic sandstones and to the SE, Palaeozoic and Tri-
assic rocks overlap the Cretaceous succession by an Alpine thrust (Fig.1B).

The massif contains an extensive karst system, the Alkerdi-Zelaieta-Ikaburu system (Fig.
1B and C), developed from 200 m to 120 m a.s.l, which is still under speleological/ar-
chaeological exploration. To date, 53 cave entrances, sinkholes and springs have been
located in the study area (Fig. 1B). The karst system, structured into four cave levels
running in a SW-NE direction (multi-level karst system), extends for more than 1 km and
is composed of six main caves (Fig.1B). One of these caves, Alkerdi 1, contain important
items of rock art, including an ICI (engravings) [7, 8], and new artistic manifestations
were recently found (more than a dozen of paintings and engravings, archaeological
hearths and material scatters) in the Alkerdi 2 cave [9], all of them located at the second
karst level. The authority responsible for managing the caves commissioned a study of
any geological threat that might damage these works of art, as well as the impact of the
advance of the limestone quarry adjoining the cave (Fig. 1C).
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Figure 1. Location of the Alkerdi karstic massif. A) Geographical location of Urdazubi/Urdax in the Na-
varre province and in the Iberian Peninsula. B) Simplified geological map of the study area, with indication
of the Alkerdi-Zelaieta-lkaburua karstic system (projected caves) and stations of structural measurements.
C) Aerial view of the study area (with the quarry fronts) and the projection of the caves.

The massif contains an extensive karst system, the Alkerdi-Zelaieta-Ikaburu system (Fig.
1B and C), developed from 200 m to 120 m a.s.l, which is still under speleological/ar-
chaeological exploration. To date, 53 cave entrances, sinkholes and springs have been
located in the study area (Fig. 1B). The karst system, structured into four cave levels
running in a SW-NE direction (multi-level karst system), extends for more than 1 km and
is composed of six main caves (Fig.1B). One of these caves, Alkerdi 1, contain important
items of rock art, including an ICI (engravings) [7, 8], and new artistic manifestations
were recently found (more than a dozen of paintings and engravings, archaeological
hearths and material scatters) in the Alkerdi 2 cave [9], all of them located at the second
karst level. The authority responsible for managing the caves commissioned a study of
any geological threat that might damage these works of art, as well as the impact of the
advance of the limestone quarry adjoining the cave (Fig. 1C).
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4. Methodology

Any methodology used to determine the possible risk to the paintings and engravings
must be based on an exhaustive knowledge of all processes that might affect the conser-
vation of these items. Potential impacts on cave art can result from both geological (e.g.
earthquakes, floods, etc.) and human derived hazards (e.g. rock extraction in quarries),
though the latter are not considered in this study. In karst environments, geological risk
relates to threats that might affect the environment of the item to be preserved. Since the
cultural items of this study are in the uppermost karstic levels, only geological hazardous
processes that might endanger the cultural items in those vadose cavities have been stud-
ied. We have considered as potential geological hazardous processes: i) Water percolation
within the karst system, as it can affect directly or indirectly the shelter of the art items,
whether dissolving it or forming a new speleothem layer on top of it [10]; ii) Changes of
the atmospheric circulation, because changes in, for example, water condensation can
produce the same effects as the latter case [11]; iii) Wall and roof collapsing, which can
destroy completely the access or even the cultural heritage itself [12]. The hazardous pro-
cesses i) and ii) directly relate to the lithological, fracture and exokarst susceptibility. The
structural characteristics of the Alkerdi massif and its fracture and conduit porosities,
however, controls the endokarst susceptibility. So, in karst terrains, the rock matrix (mi-
cro) porosity related to the lithology, the fracture porosity controlled by the structural
characteristics and the density of the conduit porosity (endokarst) could be considered
features to assess the threat. Once established the potential geological processes, the
methodology used involved the following steps [5, 13, 14] (Fig. 2A):

1. Identification and analysis of the susceptibility (S) to different geological charac-
teristics of the karst environment, which depending on their own attribute, will be
more or less affected by the defined hazardous processes. This involved characterising
the rock massif (Fig. 2A):

a. Lithological susceptibility (Ls): based on its compositional, textural and
weathering characteristics.
. Fracturing susceptibility (Fs): based on the structural characteristics.
c. Exokarst susceptibility (EXs): based on the potential impact of the differ-
ent geomorphologic (exokarstic) units and processes in the endokarst.
d. Endokarst susceptibility (ENs): based on the potential geological pro-
cesses in a vadose cavity.

2. Calculation of the vulnerability (V) of the rock art elements, both intrinsic and
derived from the support and/or immediate environs of the elements to be assessed.
Vulnerability represents the sensitivity to hazards of the items to be protected.

3. Calculation of the exposure (E) defined by the degree to which they might be
affected by a specific hazard. The exposure basically depends on the distance from
the geological hazards.



4. Calculation of the geological risk (R), which is the combination of the geological
susceptibility, vulnerability and the exposure degree of the rock art.

5. Proposition of the protection area (PA), based on the geological risk assessment.
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Figure 2. A) Flow chart resuming the methodology process to assess the geological risk in karstic caves for
cultural heritage. The susceptibility to the lithology, rock fracturing, exokarstic and endokarstic geomor-
phology compound the susceptibility to geology, which in combination with the vulnerabilitiy of the cul-
tural item and its exposure distance outline the geological risk. The protection area is based on the latter.
B) Schematic illustration of map algebra used for the proposed methodology. Values for susceptibility,
vulnerability and exposure were multiplied at each map cell/pixel to obtain the geological risk value for
that cell/pixel.

The analysis of the components of risk was backed by cartographic information of the
survey area. This information was entered into a Geographical Information System (GIS)
in order to calculate the geological risk map using raster layers and map algebra, and thus
define a protection area [15]. Map algebra involves algebraic operations (addition, sub-
traction, etc.) for the same pixel in different layers (Fig. 2B). Thereby, the following maps
were created for each component of risk: geological hazard map, vulnerability map and
exposure map.

5. Results and discussion
5.1.  Susceptibility Map (S)

The geological and geomorphological susceptibility were analysed throughout the study
area, in particular for the Alkerdi 1 and 2 caves (Fig. 1B). Measurement of the fractures
and detailed geomorphology, however, was restricted to the area of the carbonate massif



housing the karst system, i.e., to the area of direct impact. Within each of the hazards
considered, the component variables were in turn defined and a map was created for each
one. In these maps, the degree of susceptibility was assessed and represented qualitatively
and quantitatively. All the parameters and values entered in the map algebra operation are

summarized in Table 1.

Table 1. Summary with all the parameters and values used to assign the potential damage zone in differ-

ent maps.
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5.1.1 Lithological Susceptibility Map (Ls)

It is based on the nature of the rock massif. Six lithostratigraphic units, both carbonate
and siliciclastic, have been identified in the study area (Fig. 3A). Each of the different
units was ascribed a value of lithological susceptibility (Table 1) depending on its com-
positional, textural and weathering characteristics (Fig. 3B).
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Figure 3. Geological factors and maps to outline the geological susceptibility map. A) Synthetic strati-
graphic column representing the lithostratigraphic units identified in the study area. B) Lithological sus-
ceptibility map based on the hazards derived from the lithostratigraphic units in A. C) Stereographic repre-
sentation of the planar discontinuities measured in the Alkerdi karstic massif (see location in Fig. 1B). Left:
Representation of the planar discontinuities by major circles. Right: Representation of the planar disconti-
nuities by poles and contour map of the density of probability of the measured values. D) Stereographic
representation of the planar fracture discontinuities measured in the Alkerdi karstic massif (see location in



Fig. 1B). Left: Representation of the planar fracture discontinuities by major circles, poles and contour map
of the density of probability of the measured values. Middle: Rose diagram representing the distribution of
the strike of the main fracture sets (F1, F2 and F3). Right: Rose diagram representing the distribution of the
dip direction of the main fracture sets (F1, F2 and F3). E) Main variables of the discontinuities measured in
the study area (spacing, continuity, aperture and roughness) for calculation of the RMR. F) Exokarst sus-
ceptibility map of the study area based on the identified geomorphologic/exokarstic units. G) Endokarst
susceptibility map of the study area based on the endokarstic features, with indication of the collapse de-
posits and the orientation of the main fracture sets (inlet).

The Palaeozoic shale and sandstones, Culm facies (Unit 1) and Lower Triassic sand-
stones, Buntsandstein facies (Unit 2) present siliceous cements and produce the steepest
reliefs to the south of the thrust belt (Fig. 1B). The most competent materials in these
units (sandstones) alternate with less competent materials (shales); this causes differential
erosion that favours gravitational block fall and sliding. The material accumulated as a
result of slides may be reworked and drawn into the endokarst system by nowadays active
surface water flows through sinkholes, fissures and/or dolines. Due to the location of
Units 1 and 2 in the area nearby the karst system (Fig. 1B), they were classed as highly
susceptible areas (Fig. 3B).

The unit of Albian sandstones and siltstones (Unit 3) contains carbonated cement, thus
increasing the degree of alteration resulting from chemical dissolution of the cement.
There are no major slopes for slide generation and no evidence of historical slides or
gravity falls have been observed. Therefore, the degree of susceptibility resulting from
gravitational falls is low (Fig. 3B).

The Alkerdi caves develop in Unit 4 (red rudist-rich limestones). The limestone is micritic
in nature with abundant bioclasts and massive (poorly stratified); it is a homogenous,
compact rock, with an isotropic structure that is rigid to fracturing. However, dissolution,
especially along structural discontinuities (fractures), is very effective — even more if the
water is acidified by the soil it passes through. The extensive development of karst mor-
phologies is an evidence of its very high susceptibility (Fig. 3B).

The limestone in Unit 5 is stratified and sandy calcarenitic to micritic in nature. The Ika-
burua sector of the karstic system is developed in this unit. The grainy texture increase
the rock matrix porosity [16] and also the danger of fracturing and collapsing of the rock.
Thus, the susceptibility is very high in this unit (Fig. 3B).

Finally, Unit 6 is composed of flysch-type facies, formed by marly limestones and tabular
silty to sandy marlstones. Their mixed composition favours weathering and the formation
of soil, giving gentle reliefs. Despite their stratified character, there are no rocky reliefs
and the danger of detachment is low; thus, the susceptibility to hazardous processes is
very low (Fig. 3B).

5.1.2 Fracturing Susceptibility (Fs)

Rock fracturing/discontinuities control the danger of rockfall in the interior of caves and
seepage of dripping or ground water (fracture porosity) [16]. The structural characteristics
of the rock massif were assessed: a total of 123 measurements of discontinuities were
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performed (Fig. 3C), characterising the parameters required to obtain Bieniawski's RMR
index [17]. Following the methodology of Iriarte et al. [5], this index can be used to cal-
culate several indices of geological quality and risk for the cavities in relation to its frac-
turing pattern [2, 5] (Table 1).

Up to 80 fracture discontinuities were measured and quantified (Fig. 3D). Although the
limestone (Unit 4) is poorly stratified, there are sub-vertical bedding dips (approx. 60°)
towards the north (N351°E) (n=14). Locally, in the SSW edge of the massif, inverse strat-
ifications were measured. The rest of the discontinuities could not be classified as one or
other. The fractures have been grouped into 3 main sets (F1, F2 and F3) (Fig. 3D).

Fractures are mainly undulated/rough and flat/smooth type, with a moderately close spac-
ing and a high level of continuity that varies from 3 to over 10 m (Fig. 3E). In general,
the fractures are open to cavernous, with abundant indications of karst dissolution. Paral-
lels can be observed between the main fracturing families and the karst cavities, suggest-
ing their control on the formation and development of the karst galleries (Figs. 3D and
E).

According to fracturing parameters observed in the rock massif, the RMR index [2, 5] is
51 (Table 2). Consequently, the susceptibility to fracturing is low in the whole massif
(Table 1).

Table 2. Evaluation of the rock massif quality of the Alkerdi karstic massif, based on the RMR index [1].

PARAMETERS VALUE POINTS
Simple compression strength (MPa) 100 12
RQD (%) 100 20
Spacing between discontinuities Moderately close 5
State of discontinuities High continuity, wide opening 10
Water circulation wet 4
TOTAL 51

5.1.3 Exokarst Susceptibility Map (EXSs)

This map is based on the potential impact that the different exokarst geomorphologic units
and processes might have for the endokarst system. The presence of different mapped
karstic features and their characteristics control the degree of connection and environ-
mental conditions of the interior of the karst system (air, humidity, CO2, dripping and
seepage water, etc.). The susceptibility to the endokarst of each geomorphologic unit or
area was assessed on the basis of its geomorphologic characteristics and karstic activity
(Fig. 3F, Table 1):

1) Covered lapies: the existence of a sedimentary covering on the lapies, slows down the
transmission of water- and air-flow between the exokarst and the endokarst [18]. Conse-
quently, the susceptibility grade is low. It is worth noting the presence of a organic matter-
rich horizon (10-15 cm), which favours acidification of meteoric water, facilitating dis-
solution of the limestone [19, 20].



ii) Semi-covered lapies: in these areas a greater rate of seepage occurs, so these areas pose
a high susceptibility grade.

iii) Deep lapies: due to its large vertical development (> 2 m) and high exterior-interior
transfer, this area is highly susceptible.

iv) Dolines: these areas with direct connection of the surface with the endokarst represent
a very high susceptible area.

v) Exhumed cavities: these are parts of the endokarst network directly exposed to the
surface, thus, these areas are prone to suffer hazardous processes. The alteration of the
karst system could therefore pose a very high susceptibility degree.

5.1.4 Endokarst Susceptibility Map (ENs)

The dangers in the interior of a vadose karst cavity are related to the geological processes
that can be caused by major and sudden changes in their physical and environmental con-
ditions. Based on the geomorphological, structural and sedimentological evidences ob-
served in the endokarst, areas of high to very high susceptibility degree were distin-
guished (Table 1, Fig. 3G), e.g.:

i) The present entrance areas. Currently, practically no sedimentation processes are ob-
served. However, because of their proximity to the surface, any environmental changes
in the exterior could transfer to the interior, and this is therefore, considered an area of
high susceptibility.

ii) Active speleothem formation zones. Any environmental change in the exterior (tem-
perature, soil CO., pollution, etc.) will be transmitted to the karst system through seepage
of dripping water, modifying physico-chemical conditions inside the cave and triggering
damaging processes for the preservation of rock art, such as humidity, condensation de-
rived corrosion, moonmilk precipitation, bacteria colonization, etc. These areas are very
sensitive to any environmental change, and therefore have a very high degree of suscep-
tibility. Areas with intense dripping, formation of speleothemes and dolines, close to the
paintings and engravings, are also of high susceptibility zones.

iii) Areas of colluvial sedimentation filling the caves. One of the dolines in the area of the
quarrying operations stands at 30 m from the room containing the cave art in Alkerdi 2.
In the interior of the cave, an alluvium cone has been observed coming from the doline,
formed by clasts and abundant material derived from the quarry activity (rock fragments
with cut marks, abrasive sand from quarries, ballpoint pens, etc.). From this same allu-
vium cone a runoff is reactivated which submerges into the room with the paintings and
engravings in Alkerdi 2. This has, to a large extent, eroded the sedimentary fill on which
hearths and archaeological remains have been found. Its presence indicates a direct con-
nection between the interior and the exterior and is evidence of a delicate situation for the
room with rock art and archaeological remains. These alluvium cones are unstable sedi-
mentary bodies that can be reactivated by environmental changes (floods, etc.), and are
therefore considered as highly susceptible areas.
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iv) Collapse evidence. The Alkerdi 2 cave shows collapse deposits covering the floor of
the cavities, due to previously described fracture set intersections (Fig. 3G). The rockfall
deposits are formed of angular decametric blocks, some of them corresponding to recent
collapse events, whereas other would be older as they are fossilized by stalagmithic
growth. This is an indication of the unstability, and therefore, dangerous nature of the
galleries, exacerbated by indications of the existence of another cave level beneath the
block pile. For this reason, the central area of Alkerdi 2 sector is of high susceptibility
(see Fig. 3G).

5.1.5 Susceptibility Map (S)

This susceptibility map is the result of the sum of the different geological susceptibilities
previously described (Ls + Fs + EXs + ENs). The resulting map will have values ranging
from 1 to 12, since Fs is integrated in the ENs map (Fig. 4).

In the geological susceptibility map (Fig. 4) the Alkerdi 1 and 2 caves are the areas of
greatest susceptibility (values = 9 to 12). These values are the result of the fragility shown
by some caves (abundance of gravitational collapse processes), the intense water-
flow/dripping activity (large connection/transfer between the exokarst and the endokarst)
and the geomorphology of the massif surface. The entire calcareous massif has a high
susceptibility rate (values = 6 to 8). The adjoining areas vary from medium values (4 to
6) on lithological units 2 and 4 to low values (1 to 3) for the areas located on lithological
units 1 and 6.
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Figure 4. Geological susceptibility map based on the combination of the lithological susceptibility, rock
fracturing, exokarst and endokarst geomorphology (maps) shown in figure 3.

5.2.  Vulnerability Map (V)

The rock art to be protected (mainly engravings and paintings) is highly vulnerable to any
physical and/or chemical environmental change, both in the endokarst and in the exokarst.
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The intrinsic vulnerability of the cave paintings depends on the composition of the pig-
ments used for their manufacture, according to which their sensitivity to agents of altera-
tion will vary. However, this vulnerability may also be conditioned by the fragility of the
supports of the cave art itself. If the support is made up of speleothems, such as stalactites,
draperies and flowstones, the level of vulnerability is accentuated by their fragility, crys-
talline structure and laminated internal texture. The speleothems are highly fragile to vi-
brations caused by tremors, whether the cause is natural (earthquakes) or human (quarry-
ing activity and blasting, for example) [21-23]. In Alkerdi caves the rock art is found on
both types of supports: limestone rock walls (engravings and paintings) and on speleo-
thems (paintings).

As previously described, the presence of large blocks which have fallen from the walls
and ceilings in Alkerdi 2 is an indication of the fragility of the rock in this area, especially
in the areas of intersection between structural discontinuities, thus, these areas are classi-
fied as of very high vulnerability (Table 1, Fig. 5).

Moreover, the interaction between the underground and seepage water (pH, carbonate
saturation, etc.), the characteristics of the air in the cavities (humidity, temperature, CO>,
etc.), the biological agents and climate/topographical/geological conditions of the area in
which the caves are located, generates a delicate balance of carbonate dissolution/precip-
itation processes. If this balance is altered it could drastically and irreversibly affect the
rock art, so the entire karstic system is classified as low to highly vulnerable, depending
on the connectivity with the exterior. The Alkerdi 1 cave communicates with the exterior
through the entrance to the cavity (high vulnerability). The room in which the new Pal-
aeolithic paintings and engravings are located in Alkerdi 2 must therefore be classed as
being of the highest level of vulnerability. Given that the changes in the different envi-
ronmental parameters are easily propagated through the karst, all the galleries containing
art were catalogued as of very high vulnerability. To be conservative, a security area
around the high vulnerability area is classified as low vulnerable (see Fig. 5).
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Figure 5. Calculated map of the vulnerability for the Alkerdi karstic massif derived from the combination
of the different fragility and supports of the archaeological items.

5.3.  Exposure map (E)

The exposure depends, to a great extent, on the distance between the item to be conserved
and the hazardous processes that might act on it. The environmental threats of the endo-
karst (e.g. changes in temperature, CO concentration, level of condensation and dew-
point and air circulation) are easily transmitted through the karst system. Given the expo-
sure to these hazards, the whole karst cavity, therefore, needs to be considered as a single
entity. Because many of these environmental parameters are regulated/modified through
the epikarst, the nearer the gallery containing the item to be protected is to the exterior
surface, the greater the exposure.

For this reason, two distances were considered in drawing up the exposure map: on the
one hand, the horizontal distance projected from the rock art panels to the different dan-
gers (Fig. 6A); and on the other, the vertical distance from the art to the surface (Fig. 6B).

In order to establish the distance of maximum horizontal exposure in a karst system,
which by definition contains a diverse distribution of geomorphologic elements (dolines,
sinkholes, cavities, development of lapies, etc.), the area of direct impact on the item to
be protected was defined and taken into account; i.e. the area of influence containing the
elements of danger that might directly affect the item to be protected. In the case of Alk-
erdi 2, and for the engraving and painting bearing room, the area of maximum impact is
delimited by a doline which drains directly to the that room, and cavity ZELO05, located
in the bottom of the quarry (Fig. 6A), which also connects directly to the cavity containing
the paintings and the engravings. The diameter of the circumference encompassing the
two elements (doline and dissolution pipe ZEL05) taking the rock art area to be protected
as its centre, delimits the area of direct impact and, therefore, of maximum exposure to
the hazards. The diameter of that area is ca. 105 m and defines the maximum area of
horizontal exposure (Fig. 6A).
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Figure 6. Calculations of the maximum horizontal and vertical exposure distances. A) Plan of the Alkerdi
1 and 2 caves to calculate the maximum horizontal distance of exposure, with indication of endokarstic
features, main dolines and quarry limits. The circumference with dotted blue line is the protection distance
already established for the ICI in Alkerdi 1. The circumference in red is the area of direct (maximum)
impact delimited by the doline and cavity ZEL05 that connects directly the surface with the cavity with
cultural items. The diameter of this circumference is established as the perimeter of direct impact for oc-
currences of cultural items in the caves (red dotted-lined circumferences). The location of the A-A’ profile
shown in B is represented with a red line. B) The A-A’ profile (in figure 6A) with projection of the cavities
and indication of the galleries with cultural items and area of direct impact calculated in figure 6A. Four
levels of exposure are identified based on the distance from the galleries containing cultural items to the
surface.
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In the case of the Alkerdi 1 cave, the current distance of protection established for the
engravings in the declaration of the ICI is 100-125 m from the entrance of the cave con-
taining the cultural item (Fig. 6A) [24]. However, we consider that the reference point
should be the cultural item itself, since the entrance may be situated at some distance from
the item and might even stand outside the area of direct impact. Based on the above, it
was established that in this case the perimeter of protection/direct impact should be set at
approximately 100 metres (Table 1), for calculating the areas of direct impact for each
panel of paintings and engravings throughout the karst system (Fig. 6A).

In order to calculate the vertical distance from the panels with rock art to the surface, the
roof of the cavities where they are located was considered. The distance to the surface
was calculated using the digital model of elevations of the surface of the Alkerdi massif
(Fig. 6B). The values obtained were then inverted, given that greater distances will have
less exposure and shorter distances will have greater exposure.

Taking into account: i) the highest painting bearing room top is only 24.7 m deep; ii) that
this ceiling (and floor) has evidence of rock fall; iii) the deep and penetrative development
of fractures and the lapies; iv) the high development of dolines and sinkholes, some of
them directly connected with cavities located at less than 25 m deep (e.g. ZELO05); and v)
the high level of connection between the exokarst and endokarst, it was determined that
the exposure to geological threats was greatest “very high ” in cavities with rock art whose
ceilings are less than 25 m from the surface; “high”” in those located at 25-50 m from the
surface; “low ” at 50-75 m and very low at over 75 m; and in non-karstic areas (see the A-
A’ profile in Fig. 6B). Thus, the profile shows 4 vertical exposure levels (Table 1).

The exposure is highest in the locations with rock art, close to the surface or to areas of
direct impact and falls to zero away from these points to a horizontal distance of 100
metres. Depending on the vertical distance to the surface (which has been determined in
4 levels and is multiplied by the horizontal exposure), the maximum exposure values of
points located at a distance of less than 25 metres are considered to range from 400 to
301; in points located between 25 and 50 metres from the surface, from 300 to 201; be-
tween 50 and 75 metres from the surface, 200 to 101, and finally, all rock art sites located
at a depth of more than 75 m would have an exposure ranging from 100 to 0. It is thus
possible to take both the horizontal and vertical distances into account in a single map.
By combining all the circles of direct impact (7 rock art areas from Alkerdi 1 and Alkerdi
2 were considered) we get the exposure map shown in figure 7. Values obtained from the
sum of all the circles have been reclassified on a scale of 1 to 100.
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Figure 7. Exposure map for the Alkerdi karstic massif (with indication of the location of rock art ele-
ments) based on the combination of the horizontal and vertical exposure levels in figure 6.

5.4.  Geological Risk map

The aim of the risk map is to determine the damage that might be caused to the natural
and archaeological heritage of the interest area as a result of geological hazards. The mag-
nitude of the overall geological risk (R) depends on a combination of different compo-
nents of risk [13, 14, 25] that include: the geological susceptibility map (S=Ls + Fs +
EXs + ENSs), the vulnerability (V) and the exposure (E) of the items to be protected.

The risk from geological agents is the sum of the different hazards, multiplied by the
exposure and vulnerability of the item to be protected (see the formula below), in this
case, the archaeological areas containing Palaeolithic rock art. This has been calculated
for each pixel:

R=(Ls+Fs+EXs+ENs)*V *E

This final map was reclassified with values varying from 1 (lowest risk) to 10 (highest
risk) (Fig. 8). As can be seen in the map, the area containing the Alkerdi 1 and 2 caves
stands almost entirely within an area of maximum risk, given that these are the most vul-
nerable areas (because of the presence of rock art areas) and also the most exposed. The
rest of the karstic massif lies within an area of low risk (value 2 or 3).

5.5. Protection area

The geological risk map (Fig. 8) shows the potential zone of damage. Therefore, in order
to protect the different rock art bearing areas in the Alkerdi karstic massif, protection area
should be extended at least as far as the quarry front, given that there is a distance of only
24 m between the active quarry (it is also inside the direct impact area) and the rock art
panels (Fig. 6). The protection area was drawn based on an analysis of the geological
risks set out above. It covers all the cavities, galleries and sinkholes in the karst system
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that have a direct connection with the caves containing rock art (Alkerdi 1 and 2), as well
as the area of direct water recharge located above the caves to be protected. It also in-
cludes the immediate environs of all the areas of access to the cave (natural and man-
made) and those areas that significantly influence the ventilation and exchange of gases
between the caves and the exterior (dolines, sinkholes, open fissures, etc.).

Geological Risk
Level:

(Low Risk)

IRRRRE0EEN

1
2
3
4
S
6
7
8
9
1

0 (High Risk)

Location of rock
art element

ti} Cave (projection)
I:I Quarry front limits

'™ 7 Limit of Total
I _ _ Protection Area

£ Limit of
...+ Protection Area

Reference System ETRS89 UTM Zone 30

Figure 8. Geological risk map of the Alkerdi karstic massif based on the vulnerability, geological suscep-
tibility and exposure of the rock art elements of the caves. The highest risk levels (6-10) delimit the Total
Protection Area (TPA) and the Protection Area (PA) is delimited by values 4 to 5.

Thus, based on the different levels of risk defined, the protection area was divided into
two sectors (Fig. 8): a first sector, called Total Protection Area (TPA), which covers the
area with risk values between 6 and 10. This area requires the maximum degree of pro-
tection and conservation, with absolute preservation of the drainage system, and of the
characteristics and properties of the rock massif containing the cavities with archaeolog-
ical finds and the overlying soil coverage; and a second area, known as the Protection
Area (PA), which covers the risk values between 4 and 5, encompassing the rock massif
and karst system adjacent to the TPA. This area hosts cavities that potentially are linked
to those containing the rock art, and environmental changes may be transferred to them.
Moreover, and since the area is under speleological/archaeological exploration, cavities
under this area may potentially host new archaeological remains. Therefore, this area re-
quires a high degree of conservation, with restriction of activities that may potentially
damage the karst system, especially those that may reduce the rock volume (distance be-
tween cave and exterior) or the overlying soil coverage.
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6. Conclusions

The assessment of the potential zone of damage of the cavities containing rock art in the
Alkerdi karstic massif (Navarre, Spain) was done based on the following parameters: the
geological susceptibility, vulnerability and exposure. The geological susceptibility is
based on: i) the lithology, which controls the rock matrix porosity and seepage of the karst
massif; ii) the structural pattern or fracturing system, which controls the geological qual-
ity, dripping water for the cavities and rockfall processes; and iii) the geomorphologic
(exokarstic and endokarstic) features, which control the exchange of sediment, water and
gases between the exterior and the caves. The fracture porosity is well correlated with the
exokarst development and represents the main control on the susceptibility.

The vulnerability risk depends on the intrinsic fragility of the rock art (i.e. composition
of pigments) and also on the vulnerability of the walls and/or speleothems where are per-
formed, as well as on the environmental changes that can occur on the cavity.

Finally, the exposure risk of the item is inverse to the distance between the item to be
protected and the geomorphologic elements (i.e. lapies, dolines, quarry-front in direct
impact areas) that could affect them, and the surface. The analysis of each components of
risk was entered into a GIS in order to calculate the risk map and therefore, define the
protection area.

Based on the geological risk map, the protection area should cover all the geomorphologic
elements that have a direct impact on the caves containing rock art, as well as the area of
direct water recharge above the levels of those caves. The immediate areas that can sig-
nificantly influence the ventilation and exchange of gases of the protected caves should
also be delimited.

This methodology can be applied to assess the potential zone of damage and protection
area of cavities containing rock art (engravings and paintings) in any karst environment.
The application of this methodology in other examples will validate its efficacy.
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