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Abstract

:

Arenaza Cave is located in Vizcaya (N Spain) and contains important Palaeolithic rock art representations. This cave belongs to an active karstic system developed on Lower Cretaceous limestones, mainly consisting of micrites and biomicrites with abundant pyrite moulds. The paintings are made directly on the host rock or on thin stalagmitic calcite crusts. Cretaceous limestones in this area contain important iron ore deposits, which have been mined by subsurface and surface-mining methods since the beginning of the 20th century. Mining activities have induced significant changes in the karstic drainage pattern and in the endo and exokarstic morphologies of the Arenaza karstic system, directly affecting the state of conservation of the prehistoric paintings. Thus, in addition to natural process of deterioration, the enlargement of the limestone fissure system as a result of blasting-induced vibrations seems to be the responsible for changes in the rates of water-rock interactions and of the formation of botryoidal gypsum concretions on the rock surface. The final result is the activation and acceleration of detachment processes and the increase of irreversible deterioration processes in the cave.
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1. Introduction


Anthropic activities, such as agriculture, mining, water pumping, mass tourism, are, in a lot of cases, the cause of the deterioration of karst environments [1,2,3,4,5,6,7]. In the case of archaeological valuable sites that need to be protected, such as a Palaeolithic rock art paintings and engravings, the fragility of this natural system requires us to be more responsible and the control any activity that would produce irreversible alteration processes [3,5,8,9,10,11]. Mining has been identified as an activity capable of inducing enough changes to a natural karstic system that can modify the original conditions of the system, such as collapses, removal or alteration of the soil cover, changes in the water infiltration rate, and in its chemical composition [7,12,13,14,15,16,17,18]. At the Spanish and French Round Table on the Protection and Conservation of Palaeolithic Rock Art, which took place in Colombres (Asturias, Spain) in 1991, it was concluded that, in case of rock-art painting in caves, the comprehension of the balance between karstic and environmental parameters is a key factor in the conservation of the rock-art heritage [19,20].



Arenaza cave (N Spain) houses important Palaeolithic artistic representations and shows significant signs of deterioration, in part related to mining activity in the area in which it is located. This work aims to identify and characterize the alteration processes that affect rock paintings in Arenaza cave, as well as to identify the mechanisms responsible for them.




2. Study Area


Arenaza Cave is located in the Biscayan village of San Pedro de Galdames (Vasque Country, N Spain) (Figure 1A). The cave entrance is open, facing the SW, and is located at the right side of the Galdames River, at 45 m above river level and 150 m above sea level. The cave is part of an active karstic system (Atxuriaga Complex) which has more than 50 km of galleries. Exokarstic water circulation, in addition to direct infiltration, is fed by ancient karstic depressions; most of them have been remodeled by mining. These depressions are aligned with fractures and practically parallel to the line of the mountain tops, from where they receive the runoff waters. Another source of water input to the karst system corresponds with sinkholes at the headwaters of the surrounding streams [21]. The Atxuriaga Complex is developed on lower Cretaceous (Aptian-Albian) limestones that make up the southern flank of the Bilbao anticline [22] (Figure 1B).



Arenaza Cave’s host rock is composed of metric to decimetric-thick beds of dark grey limestones (Urgonian limestone with Toucasia [22]) with terrigenous intercalations at the edges of the lithosomes (nodular, sandy limestones) (Figure 1C). These limestones show a massive, brecciated and amygdaloidal appearance with abundant calcite-filled cracks, pyrite moulds and poorly developed stylolite structures [2,22].



Cretaceous limestones in this area contain important iron ore deposits [22], which have been mined by subsurface and surface-mining methods since the beginning of 20th century [2,23,24,25,26]. The karstic system is highly altered because of the intense quarrying and mining activity in the area: modifications of the karstic drainage pattern and endo and exokarstic features, enlargement of the host-rock fissure network, modification of air circulation. Likewise, the environmental changes have led to the deterioration in the conservation conditions of the paintings [2].



Upper Palaeolithic rock art representations were discovered in 1973 [25,26,27]. Most of the parietal artistic representations are located in the chamber named “Paintings Sanctuary” or “Deer Room”, at 128 m from the entrance. The paintings (deer, bovid, and other figures) were made directly on the host rock or on thin speleothem deposits (Figure 2). Due to its archaeological values, Arenaza Cave was declared a Qualified Cultural Property (thus receives maximum protection) by the effects of the first additional disposition of the Law 7/90 of Basque Cultural Heritage [28,29] and different levels of protection areas were established (Figure 3A): area of protection of the archaeological site and Paintings Sanctuary (zone 1), area of general protection of the karst (zone 2), and area of general protection with tolerance of extractive activities (zone 3).




3. Materials and Methods


To assess the deterioration phenomena, detailed and comprehensive in situ visual analyses were performed before the sampling campaigns. The ICOMOS ICS glossary [30] was used for weathering form terminology. A total of 14 samples were taken in order to carry out a petrological, mineralogical, and geochemical characterization of the alteration processes that affect the site. These samples correspond both to fresh rock and to altered rock (flakes, patinas, deposits etc.). Analytical procedures were performed at the Geochemical and Geoenvironmental Monitoring Laboratory (MNCN-CSIC, Madrid, Spain). Samples were studied by using binocular loupe and petrographic microscope. X-ray diffraction was used to determine mineral composition in powdered samples and insoluble residues using quartz as an internal standard. The analyses were performed by using a PHILIPS PW-1710 XR-diffractometer operating at 40 kV and 30 mA, under monochromatic CuK radiation. The geochemical composition of the host rock and speleothems were determined using standard procedures with an X-ray fluorescence spectrometer (PHILIPS 1410/20 XRF spectrometer, (Amsterdam, The Netherlands).




4. Results


4.1. Influence of Mining Activity in the Karstic System


In Arenaza Cave, two different stages of anthropic activities have been identified that have irreversibly modified the natural karst characteristics:




	
1st Stage. Prior to the discovery of the paintings and related to mining prospecting work carried out in the first half of the 20th century, new galleries were opened and the morphological characteristics of other natural galleries were modified. Explosives were used for the opening of prospecting galleries from karstic conduits. Several alterations that modify the circulation of infiltration water are derived from these mining activities: (i) changes in the geomorphology of the cave, and (ii) fissuring of host limestone and/or joints and diaclases.
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Figure 2. Prehistoric cave paintings found on the walls of Arenaza cave. (A) General view of Red Deer in the Paintings Sanctuary. (B,C) Detail of the head and the back of the deer painting showing deterioration features (flakes, loss of pigments). (D) Detail of painting substrates (host limestone, calcite crust). 
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2nd Stage. Alterations subsequent to the discovery of the paintings, also related to mining activities in which explosives are used, due to the exploitation of aggregate quarries since the 1980s. Nowadays an active quarry for limestone aggregate extraction is located approximately 250–300 m from the Arenaza Cave. These limestones are the same that constitute the cave host rock. The effects produced by these activities are: (i) modifications in the karst morphology—the main karst collectors are now located in old natural depressions (dolines), which are remoulded by mining activities, and in artificial depressions (quarries), (ii) modification in both rate and direction of endokarstic water flow, even with openings of galleries to the outside and partial occlusion of others due to landslides, and (iii) the enlargement of host rock fissure network in the walls and floor of the cave by vibrations produced by blasting-induced vibrations.








In order to quantify the influence of the blasting-induced vibrations on caves housing prehistoric art, several technical studies have been carried out since the 1990s to determine the type of vibrations produced by the mining activity [23,31,32]. For the study of blasting-induced vibrations and transmitted by the ground, and due to the fact that there were no international regulations, the Spanish standard UNE 22-381-93 [33] on the control of vibrations made by blasting were used. This standard classifies three groups of structures with different degrees of application of the standard. Arenaza Cave belongs to Group III: structures of archaeological, architectural or historical value that present a special sensitivity to vibrations by themselves or by elements that they may contain. Based on the data from the controlled blasting carried out by the company EPM (Mining Studies and Projects) and the Applied Geophysics Service (Polytechnic University of Catalonia), it has been observed that the vibration frequency at the cave entrance is typically greater than 20 Hz and a model of the distribution of the vibration velocity has been produced (Figure 3). Likewise, from these data, the immediate maximum charge of explosives recommended for local use has been calculated that would not exceed the recommended vibration in the cave. Taking into account the explosive charges used in the quarry, we have calculated that the cave is affected by vibrations in a range from 0.4 mm/s to 0.6 mm/s (Figure 3B), a range inside the legal normative but higher than that expected from natural processes. Recently, the regional authorities responsible for the protection of the cave have established new operating standards for the company that operates the quarry near the cave, indicating that the vibration levels in the Paintings Sanctuary must be less than 0.5 mm/s [34]. Figure 3C shows the maximum value of explosive charges as a function of the distance to the cave that would have to be used to maintain a vibration speed of less than 0.5 mm/s.
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Figure 3. Influence of nearby mining activity in the Arenaza cave area. (A) Levels of protection areas defined in the Arenaza Cave archaeological site. (B) Map of isolines showing the vibration velocity produced by controlled explosions from the quarry area near the cave. (C) Map of isolines that indicate the maximum calculated admissible explosive charges so that the vibrations in the “Paintings Sanctuary” are less than 0.5 mm/s. 
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4.2. Alteration Processes in the Cave Paintings


The alteration processes that affect cave paintings are related either to the alteration of the pigments, or to the alteration of the support on which these paintings have been made. In the Paintings Sanctuary, based on their composition, texture, degree of alteration, and chronology, two types of parietal surfaces on which the paintings were made can be distinguished: host rock and speleothems.



The petrographic study shows that host limestone are micrites and biomicrites with scattered clayey areas with diffuse contours. In addition to fragments of mollusks and foraminifera, mostly recrystallized, and some isolated quartz grains, these limestones contains moulds of small, highly-altered pyrite crystals (0.1–0.5 mm), mainly composed of clay minerals and iron oxides. Chemical and mineralogical analyses (Table 1) show these limestones are mainly composed of calcite (90–95%), with iron oxides (5–10%) and minor proportions of illite, pyrite and gypsum.



In direct relation to the paintings, two types or generations of speleothems can be recognized:




	
A first phase of speleothems, on which the paintings are directly placed, made up of 1–3 mm-thick stalagmitic crusts that are mainly composed of calcite (92–96%) with low gypsum content (2–6%) (Figure 4A,B). They are formed by palisade calcite crystals that present dissolution textures on their surface. Locally, they show more complex textures with botryoidal aggregates that are rich in impurities (clays).



	
A second phase of speleothems, located between the host rock and the first phase of speleothems (Figure 4C,D), mainly consisting of gypsum (95–97%) and smaller amounts of calcite and aragonite (<3%).
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Table 1. Average chemical composition (XRF analysis) of the different materials associated with cave paintings. (WL: weight loss).
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	Content (%)
	Host Rock

(Limestone)
	1st Phase Speleothem
	2nd Phase Speleothem

(Fissure Infill)
	2nd Phase Speleothem

(Surface Aggregate)





	SiO2
	4.40
	0.31
	0.27
	4.40



	Al2O3
	1.40
	0.10
	0.08
	0.42



	Fe2O3 + FeO
	0.69
	0.03
	0.03
	0.16



	MgO
	0.75
	1.74
	1.51
	2.65



	CaO
	51.91
	58.23
	57.86
	52.12



	K2O
	0.38
	0.02
	0.02
	0.08



	TiO2
	0.06
	0.01
	0.01
	0.01



	P2O3
	0.02
	0.09
	0.07
	0.03



	WL
	40.10
	39.45
	40.15
	39.40



	Total
	99.91
	99.99
	99.98
	99.04



	Calcite
	95
	94
	4
	4



	Aragonite
	<2
	<3
	-
	2



	Dolomite
	<3
	-
	-
	-



	Quartz
	<5
	-
	-
	-



	Clays
	<5
	<3
	<5
	<5



	Gypsum
	-
	3
	96
	95
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Figure 4. Speleothems related to cave paintings. (A) Surface view of calcite speleothem (1st phase speleothems). (B) Calcite speleothem lining partially filled fissure. (C) Gypsum crust (2nd phase speleothems) with euhedral tabular crystals (highlighted by the arrows). (D) Gypsum aggregate formed by subhedral crystals. 
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Three main alteration processes affecting to host rock and paintings have been recognized:




	
Loss of material (pigments) (Figure 2), due to leaching as result of surface (laminar) water circulation and/or natural condensation.



	
Development of gypsum botryoidal concretions, which pick up and cause bulges in the paintings (Figure 4C,D); this process is poor-developed and seems to be modern.



	
Contour scaling: Detachment of rock flakes that host cave paintings (Figure 5). There are two phases or stages in the detachment of scales or flakes: a poor-developed pre-painting phase and a recent post-painting phase that implies an important and irreversible degradation of the rock art. The size of the plates or flakes is centimetric, with thicknesses generally around 5 mm and less than 8 mm. Granular disintegration is commonly observed on the detachment surface of the flakes (Figure 5C). Growth of crystalline crusts related to both phases of the detachment processes can be observed.








The detachment surfaces are locally covered by fine, white microcrystalline deposits (Figure 5D). These precipitates are even more abundant in cracks and fractures. These crystalline deposit also appear on the inner face of the detached flakes. They are mainly gypsum in composition, with small proportions of calcite (1–2%) and aragonite (<1%). The low Si, Al, Mg and K contents correspond to clay inclusions. They present various types of textures: (i) aggregates composed of euhedral gypsum crystals up to 3 mm thick, prismatic in shape (the largest) and arranged perpendicular to the surface, (ii) botryoidal aggregates with fibrous-radial textures, and (iii) microcrystalline aggregates with a powdery appearance. The crystalline crusts that host the paintings belonging to the first detachment phase are linked with the first speleothems phase. By contrast, the crystalline crusts belonging to the recent active detachment phase is related to the second speleothems phase.
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Figure 5. Alteration processes affecting to cave paintings. (A) General view of the floor of the sanctuary where abundant plates (flakes) detached from the wall can be seen. (B) Detail of the fallen flakes. (C) View of the back of a detached flake showing the alteration (disaggregation) of the host rock. (D) View of the back of a detached flake where a fine speleothem crust is observed. 
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5. Discussion


Compositional differences between speleothem phases must be due to a change in the geochemical characteristics of karst water, which would probably be related to the modification of karst drainage by mining prospection labours. In the same way, the strong vibrations generated by the explosions in the nearby quarry expand the original fissure network in the host rock. Both fissure enlargement and crystallization pressure related to the growth of gypsum crusts are responsible for the recent reactivation and increase of the deterioration processes in the cave. The reactivation of water circulation through the fissures provoked their partial filling with calcite cement and the definitive dissolution of the gypsum present in the host rock and in the crystalline crusts. As a consequence, the water that circulates on the rock surface shows a composition enriched in sulphates comparing with the original that formed the first phase speleothems. The processes of recent deterioration of the cave paintings can be arranged in the following phases (Figure 6):




	
I. Pre-mining phase. The paintings made on the different surfaces (host limestone and speleothems) suffer natural deterioration processes.



	
II. Initial phase of mining activity. Mining labors lead to the enlargement of the initial host rock fissure network and an increase of the water flow rate on cave walls. This water flow favours leaching processes on cave paintings, selective dissolution of the gypsum fraction of the first phase speleothems, as well as further calcite cementation.



	
III–IV. Active mining phase. Due to changes in the flow and the consequent modification of the hydrochemistry of the karst waters, the precipitation of crystalline gypsum aggregates occurs both in fissures and on the wall surfaces (second phase speleothems). Flake detachment is caused by crystallization pressure due to gypsum growth and by the vibration phenomena related to explosions in the nearby quarry.








Natural and anthropic activities may affect cave conservation. In the case of human activities (mining, farming, etc.), the delineation of protection areas is required to restrict and even forbid such activities when necessary [4,6,35]. Most karst protection policies involve restricting development around a karst feature by establishing a fixed radius or delineated area around the feature [5,36,37]. The Spanish–French meeting on Rock Art Conservation held in Colombres (Asturias) in June 1991 [19] established criteria for delimiting the “protected area” to preserve rock art caves and their surroundings. According to these recommendations and their subsequent reviews [5,23,37,38], several levels of protection can be defined. The “total protected area” and the “catchment and karst drainage area” are defined as the area occupied by the cave and its related exo- and endo-karst that can be affected by infiltration and hypogeal water circulation (the area that covers the infiltration waters that may potentially reach the cave). For this reason, no activity that may affect natural conditions should be permitted within these areas, including any activity that implies rock extraction or vibrations [38]. The blasting-induced vibrations generated in the area surrounding the cave will be transmitted directly to the cave, over the same geological strata that constitute the cave host rock, and at such short distances that they will not be attenuated. These strata, with very hard lithologies, are especially effective in transmitting vibrations over long distances.




6. Conclusions


Many different processes related to economic development can negatively impact rock art sites with different degrees of damage. Mining and quarrying activities are examples of the anthropogenic processes that can accelerate the degradation or even cause the destruction of rock art in cave environments. In the case of Arenaza Cave, the actions that involve nearby and recent mining activity (opencast quarries, underground mining) have caused serious deterioration of the Palaeolithic rock art by modifying the karstic geomorphology and hydrology.
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Figure 6. Phases of recent deterioration affecting the cave paintings in Arenaza Cave (see text). 
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We have recognized three principal types of alteration processes affecting to host rock and paintings: (i) a natural process consisting in the disappearance of paintings by means of the direct action of flowing and/or condensing water, (ii) the development of gypsum concretions which pick up and cause bulges in the paintings (this process is poor-developed and seems to be modern), and (iii) the detachment of rock-flakes or scales which contain paintings. There are two phases of contour scaling, a poor-developed pre-painting phase and a recent post-painting phase, which lead to an important and irreversible degradation of the cave paintings. We have observed the growth of a crystalline crust related to both phases of the detachment phenomena.



Both the crystalline crusts belonging to the first detachment phase and the stalagmitic crusts that host the paintings are mainly constituted by calcite with low content of gypsum (<6%). By contrast, the crystalline crusts belonging to the recent active detachment phase mainly consist of gypsum with a minor percentage of calcite and aragonite (<3%). These compositional differences are due to changes in the flow and geochemical characteristics of karstic water, which is probably related to the modification of karstic drainage by mining prospection and exploitation labours. In the same way, the strong vibrations generated by the explosions in the nearby quarry expand the original fissure network of host rock. Both the enlargement of host rock fissure network and the crystallisation pressure due to the growth of gypsum crusts are responsible for the recent reactivation and increase of the deterioration processes in the cave.
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Figure 1. Geographic and geological context of the study area. (A) Geographical location of Arenaza cave. (B) Geological map of the study area. (C) Geological cross section. 
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