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Abstract

Electrical Resistivity Iimaging measurements were carried out around Kaite and Palomera Cave in order to
identify their detrital infilling morphologies. These two caves are part of the Ojo Guarefia Karst complex and
contain different archaeological remains dating from the Upper Paleolithic to the Iron Age. At Palomera Cave,
the proposed models show complex geological formations that mark the evolution of Palomera Sinkhole as
well as the location of interesting infills where archaeological remains may have been preserved. In Kaite, the
results suggest the presence of sediments prior to the ceiling breakdown, which, as this is one of the oldest
caves in the karstic system (Ortega et al., 2013), may preserve early prehistoric phases of occupation remains.
This information adds to a better understanding of the karst formation processes and may be used in the
planning of a future excavation.
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Résumé

Des prospections géophysiques ERI (Imagerie de Résistivité Electrique) ont été conduites dans les grottes de
Kaite et Cueva Palomera, dans [’intention d’identifier la morphologie de ses remplissages terrigénes. Ces deux
grottes font partie du Karst d’ Ojo Guareiia et préservent des restes archéologiques allant du Paléolithique
Moven a L’Age de Fer Les modéles proposés montrent des formations géologiques complexes qui peuvent avoir
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identifié, pour Cueva Palomera, 1’évolution de la Doline Palomera et aussi la localisation des remplissages
susceptibles de garder des restes archéologiques. A Kaite les résultats suggérent la présence des sédiments qui
pourraient appartenir a un moment antérieur a l’enffondrement du plafond, or comme c’est I'une des grottes
des plus vielles du systéme karstique, cela pourrait indiquer I’existence des restes des occupations le plus
anciennes. Cette information permet de mieux comprendre les processus de la formation du karst, et peut aider
la planification d’une future fouille archéologiquie.

Mots clés: Karst d’Ojo Guareiia, Imagerie de Résistivité Electrique, archéologie, spéléogéness

Introduction

Geophysical prospection is increasingly being used in archaeological research because it allows
recognizing buried structures and features without invasive methods. This facilitates the interpretation
of sites, excavation planning and conservation policies (Conyers 2012; Bermejo et al. 2010; 2013b;
Lowe 2012; Cardarelli & Di Filippo 2009; Benech & Hesse 2007; Hesse 1999; Wynn 1986).

Among the geophysical methods, geo-electric surveys, and in particular ERI, are commonly used
in the investigation of archaeological karstic sites (Bermejo et al. 2014a; Porres et al. 2013; Ortega
et al. 2010; Valois et al. 2010; Piro et al. 2001). This is because electrical resistivity surveys can
determine the size, location and potential of different karstic features with high accuracy (Chalikakis
et al. 2011; Guérin ef al. 2009), based on the contrast of the different resistivity values such as
between the limestone host rock and the detrital sediments.

The aim of the electric resistivity surveys at the Ojo Guareila Karst complex was to locate sediments
that may contain archaeological remains or fills of ancient cave entrances, as well as to find void
passages impassable to speleological exploration, which may help understand the evolution and
features of this underground environment.

The Ojo Guareiia Karst is located in Northern Spain, in the southern spurs of the Cantabrian Range
(Figure 1). The Ojo Guareiia Karst complex consists of more than 400 cavities with 14 entrances and
a network of underground conduits that reaches a total length of 110 km. These caves are developed
in Cretaceous limestone and distributed over six overlapping sub-horizontal levels, constituting one
of the longest multilevel cave systems in Europe.

The dimensions and variety of these conduits offer countless possibilities for human occupation, as is
reflected by the cultural sequence that dates from the Middle Palaeolithic to the Middle Ages (Ortega
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FIGURE 1. DETAIL OF THE 0JO GUARENA KARST. KAITE AND PALOMERA CAVE ARE HIGHLIGHTED IN DARK GREY
(BASED ON ORTEGA ET AL. 2013).
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FIGURE 2. PALOMERA CAVE ENTRANCE AREA PLAN. THE ERT PROFILE LAYOUT IS MARKED IN DARK GREY.
THE APPROXIMATE LOCATION OF CORCHON’S 1972 EXCAVATION IS MARKED BY A BLACK GRILLE
(BASED ON G. E. EDELWEISS, 1986).
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FIGURE 3. KAITE PLAN: A IS THE ANCIENT ENTRANCE; B THE SANCTUARY AREA; C THE CURRENT ACCESS.
PROFILE 1 1S MARKED IN BLACK, PROFILE 2 IN LIGHT GREY AND PROFILE 3 IN DARK GREY
(BASED ON G. E. EDELWEISS, 1986).

et al. 2013; Ortega & Martin 2011). Kaite and the entrance area of Palomera Cave are among the
best-known caves in the complex because of their archaeological records (Ortega & Martin 1986).

Palomera Cave, the main cave of the karstic complex, contains numerous sites dating from the Upper
Palaeolithic to the Iron Age. Soledad Corchén’s 1972 excavation in the cave entrance uncovered a
5 m deep stratigraphy related to Chalcolithic and Bronze Ages, but did not reach the sedimentary
sequence bottom. Therefore, unknown Palaeolithic deposits may still be buried in the lower
stratigraphical levels (Ortega & Martin 1986) (Figure 2).

Kaite is a horizontal passage which constitutes an isolated higher level of the Ojo Guarefia Karst
complex. Neolithic and Bronze Age habitation areas are preserved in its two entrances: a valley
facing entrance (A) where a habitation area was demarcated in prehistoric times by a wall; and
the current access (C) which is the result of a ceiling collapse (Figure 3). In addition, it preserves
sepulchral/symbolic areas inside the cave (B) with semi-naturalistic rock art (Uribarri and Liz 1973;
Ortega et al. 2013). Its strategic location, perched 140 m above the Sotoscueva Valley, has protected
it from the erosive action of the Guarefia River and gave it a strategic location for territory control.
Therefore, Kaite offers great potential for the presence and preservation of Pleistocene occupation
remains.

Methodology

Electrical Resistivity techniques have proven their suitability for characterizing complex karstic
environments (Martinez-Moreno ef al. 2014; Bermejo et al. 2013a; 2014b; Cardarelli et al. 2006;
Zhou et al. 2002) even when interpreted through 2D profiles, as they can determine both horizontal
and vertical electrical resistivity contrasts.

2D ER imaging renders data compiled by a combination of four aligned electrodes: two of them
inject an electrical current into the ground, whereas the other two measure the electrical potential
difference. When multiple electrodes are combined along a rectilinear profile, different resistivity
values can be recorded at various depths.

Depending on the array geometry, different imaging resolution and penetration depths can be
obtained. Wenner-Schlumberger (WS) and Dipole-Dipole (DD) are the commonly used arrays for
this type of surveys. WS usually offers good depth determination but poorer spatial resolution, while
DD is better at locating vertical and dipping structures but is poorer in depth resolution (Dahlin &
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Zhou 2004). Due to the unpredictable nature of the karst subsurface both arrays were used in the
present study.

The ER acquisition was performed using a Syscal Pro-resistivity meter (IRIS instruments). In
Palomera Cave a single profile with a length of 355 m and 5 m inter-electrode spacing was laid out
from Dolina Palomera to Galeria Principal, reaching a gradient of more than 80 m (Figure 2). For
logistical reasons, the profile was laid out close to the eastern wall of the cave, and in some occasions
the electrodes had to be placed on the limestone host rock. In Kaite, three profiles were measured.
Profile 1, with a length of 87.5 m and 2.5 m electrode spacing, was placed over the valley-facing
entrance area (4 in Figure 3). In order to gain resolution at interesting features seen at profile 1,
profile 2 was arranged in the same area but with less electrode spacing (1.25 m) and was therefore
shorter (66.3 m —Figure 3). Finally, profile 3, with a length of 87.5 m and 2.5 m electrode spacing,
was laid out over the actual access area (C in Figure 3).

In regards with data, effects C and P were filtered using the X2ipi software (© Alexei A. Bobachev)
(Ritz et al. 1999). Subsequently, data was processed using the Res2dinv software (version 3.59.119,
Geotomo Software) to produce a two-dimensional model of the subsurface from the apparent electrical
resistivity values, represented in model blocks (Loke & Barker, 1996). Inversions were performed
using the Robust option; topographic adjustments were carried out based on the geomorphological
maps of the endokarst system provided by the Speleological Group Edelweiss. Special attention was
paid to the inversion’s absolute error, which is calculated from the difference between the measured
and the calculated apparent resistivity values. The logarithmic color scale was designed to display the
resistivity values of the geophysical surveys with respect to local geological observations and global
knowledge of the karstic system.

Following this process, 225 Q.m was established as the maximum resistivity value attributed to
the different detrital sediments of Palomera Cave. For Kaite, the limit of 350 Q.m was chosen, as
the high resistivity values of the upper layers influence the underlying layers which yielded low
resistivity values. These limits are indicated in each profile by a thick black line (Figure 5).

Results and discussion

The model proposed by the ERI profile for Palomera Cave shows a complex geology (Figure 4).
In the profile’s first 100 m there is a 70 m wide low resistivity anomaly at about 8§ m under the
subsurface (a in Figure 4), with an inclination which coincides with the slope of Palomera Sinkhole.
These low resistivity values, which likely correspond to detrital sediments, cannot be attributed to any
known cave passage and must therefore be linked to Palomera Sinkhole and/or to the continuation of
Galerias Altas level, as they match this conduit’s height (Figure 4).

In relation to it, there is a conductive anomaly around the profile’s 150 m (b in Figure 4) associated to
a vertical discontinuity (marked by a discontinuous line in Figure 4) that matches the cave’s current
entrance cliff. If this is a collapse sinkhole type, it is possible that the former anomalies represent
detrital sediments related to the cave’s ceiling/walls collapse, whereas the vertical discontinuity may
be associated with a fracture that caused this collapse.

The first 50 m from the cave’s current entrance reveal a conductive area (c in Figure 4) that reaches
15 m in depth. The resistivity values of this area are consistent with the sediments that host the
archaeological site of which the upper 5 m are known from Corchoén’s excavation (Figure 2).
Consequently, these may contain remains associated with human occupation.

Finally, the three conductive anomalies (d-f in Figure 4) found between the profile’s 200-300 m could
represent three filled passages with an E-W orientation, related to the fourth level of the karst (Figure
4). This level, the longest one, corresponds to Galeria Principal (Figure 2) and is indeed developed
E-W, which is the preferential direction of the Ojo Guarefia Karst (Figure 1). Contrastingly, the
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FIGURE 4. PALOMERA’S ERT PROFILE WITH BOTH WENNER-SCHLUMBERGER (WS)
AND DIPOLE-DIPOLE (DD) RESULTS.

continuity of Sala Keimada is not visible in the ER survey (Figure 4). This could be due to the fact
that the ER profile was placed too close to the eastern wall of the cave, or that the horizontal narrow,
visible from Sala Keimada but not accessible to speleological prospection, ends near-by. The last
infill (fin Figure 4), at 310 m, is the only one apparently connected with the surface and located near
a connection with the Balcon de la Granja passage (Figure 4), a higher level where prehistoric hearths
have been identified (Ortega & Martin 1986).

In summary, this latter infill and the one near the cave’s entrance are the most accessible for
archaeological excavation and may be considered in the planning of future archaeological work.
Since the results of both arrays (WS and DD) are similar and their absolute error low, these data can
be taken as reliable.

Kaite’s profiles 1 and 2 (Figure 3) were laid out over a prehistoric habitation area, delimited by a
prehistoric manmade wall (nowadays covered by a thin flowstone), corresponding to the twilight
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FIGURE 5. KAITE'S ERT PROFILES: I.A—WS PROFILE 1; |.B — DD PROFILE 1; Il.LA — WS PROFILE 3;
1.8 — DD PROFILE 3; lll.A— WS PROFILE 2; [Il.B — DD PROFILE 2.

zone, where light is sufficient to permit human vision. In both profiles, the two applied arrays (WS
and DD) show low resistivity values in the upper layers, which can be attributed to the sediments
visible on the surface. These barely reach one meter deep and disappear laterally before reaching the
prehistoric wall, which highlights their relationship to an occupation area (Figure 5 I.A, I.B, II.A and
IL.B).

The sediments of this upper layer sit on an irregular surface of high resistivity values that reach
a depth of up to 7 m. This anomaly may be attributed to the ceiling breakdown blocks, which are
visible on the surface and in roof, where the negatives of the blocks can be appreciated (Figure 6).
Indeed, they disappear at the profile’s 50 m, where the vault morphology changes into a phreatic type

(Figure 5).

From this depth downwards it is difficult to make a proper interpretation about the subsurface nature:
WS shows high resistivity values (Figure 5 I.A and II.A) whereas DD, at higher absolute error,
reveals conductive anomalies consistent with the detrital sediments resistivity values (Figure 5 I.B
and ITI.B). In any case, the conductive anomaly detected by DD at abscissa 15 m in profiles 1 and 2 (a
in Figure 5 I.B and I1.B) should be considered for a future excavation, as it is close to the surface and
therefore easy to gain access to. Moreover, since it is located within the habitation area and below
the high resistive anomaly, it is susceptible of hosting a pre—ceiling breakdown occupation. Given
the fact that this is one of the oldest caves in the Ojo Guarefia Karst complex, these deposits could
be Pleistocene.

Profile 3 was conceived as the extension of profile 1, with the aim to cover the cave’s length and
gain more insight in the cave’s current access collapse (Figure 5 IIT). The results show a very simple
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FIGURE 6. DETAIL OF KAITE'S ANCIENT ENTRANCE. NOTICE THE STEPPED CEILING AND
THE BIG BLOCKS ON SURFACE THAT MATCH THE VAULT’S NEGATIVES.

geological model that features high resistivity values reaching at least 4 m in depth (Figure 5 III),
which can be related to the surface flowstones as well as to the actual access (C in Figure 3) ceiling
collapse. In the underlying layers both WS and DD show a conductive anomaly that may indicate
the presence of a previously unknown lower karstic filled conduit with N-S orientation. Another
possibility is that the anomaly represents the bottom of Kaite’s passage, which was filled with
sediments and then covered with thick flowstones and/or blocks.

Conclusions

ER prospections at the Ojo Guarefia Karst reveal a complex geology, as can be expected from a
multilevel karstic system. In Palomera Cave, anomalies a and b may be interpreted as sediments
related to the collapse of Palomera Sinkhole. The conductive anomaly a can be interpreted as the
continuation of Galerias Altas passage. Moreover, the vertical discontinuity in both profiles could be
linked to a fracture responsible of this collapse.

Inside Palomera Cave, different detrital infills possibly related to human occupation have been
identified. The one at the cave entrance and the one related to the Balcon de la Granja passage
are interesting for further work because of their accessibility and relationship with other known
archaeological sites. In both cases, further geophysical work (including complementary methods
such as GPR), together with excavations or archaeological test pits are necessary for a better
understanding of the karstic formation processes.

In Kaite the presence of a pre-ceiling breakdown occupation in the valley-facing entrance area is
still up in the air, as the different arrays (WS and DD) offer contradictory results. However, the
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results show more than 7 m of breakdown potential, which otherwise is witnessed in the geometry
of the vault’s negatives. Furthermore, the existence of detrital sediments filling an unknown lower
karstic level or deposited at the bottom of the conduit, offers new possibilities for the interpretation
of this singular cave. Additional geophysical prospection could be helpful in order to plan a future
excavation and to elaborate a proper speleogenesis reconstruction of one of the highest and oldest
caves of the Ojo Guarefia Karst.

The different results obtained in both caves, especially with regards to the cave morphologies,
illustrate the potential of ER imaging for archaeological site detection in karstic environments.
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