
     
 
                                                                           

 
 
 

 

Introduction 

Our Cultural Heritage structures and buildings illustrate the history of our civilizations. These vestiges 
are irreplaceable evidences of our past and the development of the different cultures. The study of our 
contemporary civilizations is based, in most cases, in the study of these structures and remains. This is 
one of the reasons for their conservation, restoration and research. Spain is home of 44 World 
Heritage Sites (39 of them cultural) nominated by UNESCO, the third country with more of those 
sites after Italy and China. 
In Europe, one special building, representative of a long period of history, are cathedrals, magnificent 
Christian churches that became the most characteristic building in most Middle Age cities. Besides, 
Cathedrals contain a showcase of architectural and artistic styles, ranging from pre-Romanesque to 
Baroque or Neoclassical. Undeniably, one of the most important styles of the architecture of 
cathedrals is Gothic. The slender columns, the high walls, the elaborated rose windows and the ceiling 
medallions, and the colourful stained glass windows are some of their typical elements. Different 
constructive techniques are represented also in the diverse parts of the structures that are mainly built 
with stones and, in some special cases or parts with bricks. 
Unfortunately, many of them present important deterioration. The weather (e.g., Smith et al., 2008), 
natural hazards (e.g., Parisi and Augenti, 2013) and some external agents as pollution, animals, plants 
and fungi (e.g., Jurado et al., 2008; Screpanti et al., 2009; Sterflinger, 2010; De la Fuente, 2011) are 
cause of damage of these splendid buildings. Weather and external agents deteriorate the stones, and 
their interaction with the constructive materials determine the extension and type of damage in the 
different parts of the building. Different authors agree that it is necessary a precise diagnosis of 
damage to preserve the monuments (e.g., Fitzner and Heinrichs, 2001). The accurate diagnosis is 
needed to determine the most appropriate restoration in each case. Furthermore, cathedrals are huge 
buildings that have been built and modified during centuries. Therefore, in most cases, the 
information about the structure and the constructive solutions is poor or does not exist. Only careful 
and thorough studies can provide information about some hidden structures or elements. Obviously, 
this information is crucial previous to any restoration, because it is the only way to determine the 
behaviour of the structure and to known the distribution of loads. 
Notwithstanding, damage and inner structure is not the only information needed for determine 
appropriate restorations. In most cases, cathedrals have been built over older remains. In some cases, 
cathedrals have been erected over Visigothic churches (for example, the cathedral of Valencia), 
mosques (it is the case of the cathedral of Mallorca) or Roman temples (for example, in the cathedral 
of Tarragona). In other cases, the ground below the cathedral have been previously prepared and filled 
with anthropogenic material. The knowledge of these elements facilitates to understand the problems 
and the behaviour of the structure. 
However, obtaining part of this information is difficult because in most cases it is not possible the 
application of invasive methods, and documentation is poor or, in most cases, inexistent. For that 
reason, non-destructive testing technologies have been more and more applied as previous studies as 
the first task to recover and obtain as much as possible information about the ground, the constructive 
materials and structures and possible damaged zones. Based in this information, further studies and 
actions can be proposed. Near surface geophysics methods have shown its usefulness in these non-
destructive studies, often being applied in archeology and heritage. 
This paper describes four different surveys in Spanish cathedrals, based in different geophysical 
methods that are selected depending the problem that is analysed in each case. 
 



     
 
                                                                           

 
 
Case 1. The study of the Cathedral of Tarragona: mapping archaeological remains 

Introduction 
The medieval cathedral of Tarragona city (Catalonia, NE Spain). (Fig. 1) was erected in the middle of 
the XII century inside the ancient Roman forum, after the Islamic domination. Since this time, the 
Cathedral has dominated the skyline of Tarragona and probably concealing in the subsoil some of the 
answers we need to recognize and understand the historical evolution of the city. 
Therefore, as the latest archaeological researches from Macías et al. (2007) assumed that there are 
remains of older buildings under the medieval cathedral, related to the Roman emperor, a geophysical 
survey was planned - also taking into account the potential interest of the remains. The objective of 
the survey was to obtain a first picture of the archaeological remains existing in the subsoil without 
disturbing both the religious cult and the cultural visits to the temple. 
 

      
 

Figure 1. Tarragona Cathedral: map of plant and main facade 

Geoelectrical prospecting has been used extensively in subsurface investigations and recent advances 
in electrical resistivity tomography (ERT) method for acquisition, management and fast processing of 
a large number of data, constituting a useful non-destructive method to detect subsurface structures. 
ERT is an active geophysical method used for obtaining a high resolution image of subsurface 
distribution of electrical resistivity, which recently has been widely applied in archaeological 
investigations (Diamanti et al., 2005; Papadopoulos et al., 2006; Drahor et al., 2007; Tsokas et al., 
2009). Apparent resistivity data were collected using the Syscal Pro System (Iris Instruments), with a 
total of 48 electrodes spaced at 1 m intervals and using a mixed Wenner Schlumberger array. All 
profiles were acquired using a stainless steel flat base electrodes (figure 2.b), similar to those used by 
Athanasiou et al. (2004). To decrease contact resistance, a conductive gel was placed between the 
metallic electrodes and the soil pavement. With this strategy, the contact resistance was set at below 
10 kohm.  

In total, twenty-two profiles have been recorded in both longitudinal (12 profiles) and transversal (10 
profiles) orientations (figure 2.a). The measured apparent electrical resistivity values are interpolated 
to obtain a so-called pseudo-section. As the subsoil is always heterogeneous, the true electrical 
resistivity values and the true depth are obtained after inversion of this pseudo-section. Here we used 
the RES2DINV inversion software (Loke, 2000) based on a least-squares inversion process (Loke and 



     
 
                                                                           

Barker, 1996), implemented by using a Gauss-Newton optimization technique. The subsurface is 
divided into rectangular blocks, the number of which corresponds to the number of measurement 
points. The optimization method adjusts the 2D resistivity model through an iterative process 
reducing the difference between the calculated and measured apparent resistivity values. The root-
mean-squared (RMS) error provides an assessment of this difference. 

According to the electrical resistivity values of the twenty ERT profiles, two categories can be 
distinguished:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. ERT profiles with high (a) and low (b) electrical resistivity values, and a 3D resistivity 
distribution profiles (c). 

The first category, represented here by the profile 15 (figure 2.c) where we clearly observe an abrupt 
change in electrical resistivity at a distance of 14 m from the beginning of the profile, passing from 
100 ohm.m to 1800 ohm.m, and remain high until the end of the profile.  Vertically, we observe firstly 
a level with low electrical resistivity values and 1.5 m thick (about (100 ohm.m). The next level 
corresponds to the high resistive level extending to a depth of 4 m. Finally, we observed a deeper 
level with relatively low resistivity values.  

The second category represented by the profile P3 (figure 2.d), we observe generally a low electrical 
resistivity values (less than 200 ohm.m), which domain a large part of the profiles. The area of high 
electrical resistivity registered previously in the first category is absent.      

The low electrical resistivity values can be correlated with clay sediments, while the high electrical 
resistivity values that appears in the central part of most of 2D ERT profiles (figure 3) can be related 
with the roman concrete, and therefore corresponds to remains of august template. 

 

a) 

b) 

c) 

d) 



     
 
                                                                           

Archaeologicla results 

A selective archaeological excavation was carried out until the remains detected by the geophysical 
surveys and interpreted as the foundations of the old Roman Temple of Augustus were reached. The 
aim of the dig was to evaluate the geophysical results. 
 
Two boreholes (SR1 and SR2) were drilled by the Tecoinsa  TP50D drill machine the first borehole 
(SR1) was placed above the low resistivity zone, interpreted as clay sediments, closer to the main 
entrance of the Cathedral and the second one (SR2) was placed over the high resistivity layer 
interpreted as the basement of the Temple.  
The two archaeological excavations (Figure 4) have confirmed the results of the geophysical 
prospections. The archaeologist have discovered the foundation of a temple located in the center of 
the great roman sacred square, and have shown that medieval Cathedral was built at the same roman 
axis of symmetry. This base was realized by layers of opus caementicium- irregular stone bonded by 
lime mortar. The foundation is a rectangular form with a depth of 2.30 meters and an approximate 
length and width. 

 

 
 
   
    
Figure 3. High resistivity anomaly detected from the 
inversion of the 2D ERT survey.  
 
 
 
 

 
The data obtained show an approximate width between 27 and 29 m 
which is coherent with the hypothetical dimensions of the temple 
obtained from the architectural decoration elements. This information 
indicates that there is no coincidence between symmetry axis of the 
temple, the square of the I century and the medieval cathedral. For the 
length, is between 45-47 meters. It has not been possible to determine 
precisely the posterior limit because of its coincidence with the actual 
area of the altar. The approximate measurements obtained by the 
Temple at Tarragona fit well within the models of octastyle temples, 
with eight columned frontage. This nucleus rests upon a bed of 
compacted strata of clay, over rock. This enormous base was probably 
covered by a second structure of blocks stone -opus quadratum- 

SR1 

SR 2 



     
 
                                                                           

despoiled in late roman times. Over this second base would be erected the podium of the Temple 
made in marble of Carrara quarry. 
  
Figure 4. Archaeological exploration.  
 

Case 2. The Cathedral of Minorca: the superposition of archaeological structures 

The Cathedral of Minorca, located in the city of Ciutadella, was erected in XIV Century (from 1300 to 
1362) following the Catalan Gothic style. The building is notable for the width of the nave, flanked by 
six chapels to each side and the five-sided apse. 
As many other religious builds the Gothic Cathedral was constructed over an old Arab mosque and 
probably over Roman remains. Also, after the desecration and devastation of the cathedral by the 
Turks under Barbarossa in 1558 and the collapse of the vaults of the apse in 1626, the damage was 
quickly repaired in the original style. Therefore, is assumed the existence of varied superposition of 
archaeological structures that can provide valuable information to the local past history. Within this 
framework, two complementary geophysical methods where considered as the most appropriate: 
frequency domain EM and ground probing radar.  
Electromagnetic survey was conducted with an EM38 conductivity meter from Geonics both in 
horizontal and vertical modes providing data from effective depth ranges of 0.75 m and 1.5 m 
respectively using a frequency of 14.5 KHz. Measurements were taken along lines parallel and 
perpendicular to the axis of the cathedral over a square grid spaced 1 m apart in both directions, 
giving a total of 1500 apparent electrical conductivity points. EM measurements were recorded by a 
digital data logger, interpolated and plotted to depict conductivity maps (Figure 5).  
Once analysed the geophysical results an archaeological dig was planned in one of the places where 
evidence had been given positive results. There, the validity of the geophysical surveys was 
confirmed by the archaeological dig since soon appeared the structures that both EM and GPR 
surveys detected. These results indicated the existence of constructive remains in the basement of the 
Cathedral providing a chronological range that encompass from the 1st century AD until the 6th 
century AD, including levels of the ancient Islamic mosque of Medina Manurqa.  
 

 
Figure 5. Apparent electrical conductivity map (quadrature component) of Ciutadella Cathedral for 

horizontal dipole map showing significant anomalies. 

 

 

Electrical conductivity (mS/m) 
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Case 3. The assessment of the cathedral of Mallorca: combining methodologies 

Introduction to the study 

The Cathedral of Mallorca (Balear Islands, Spain) is an exceptional Gothic church built between the 
14th and 16th centuries. It is considered one of the most magnificent of the Catalonian gothic 
constructions (Figure 6). It was erected as a single nave in the early 14th Century, over the remains of 
an old mosque and was completed as a three-nave building in the 16th century. The Cathedral was 
characterized by the slenderness of its columns. The central nave is 44 m high to the keystone of the 
vaults and spans 19.9 m. The piers show significant deformation and some of them have experienced 
significant cracking at their base. The Cathedral is built close to the south Roman wall of the old city, 
which was built vertically into the cliff in front of the Mediterranean Sea. The void between the 
construction and the natural ground was filled with materials that were removed and redeposited. 
  
 

 
Figure 6. a) Cathedral of Mallorca. The wall around the building separates the natural ground and 
the anthropogenic filling. b) Interior architecture. c) Detail of one of the supporting columns of the 

main nave. 
Recently, the damage observed in some structural elements compelled to the preparation of a 
restoration plan. Therefore, it was necessary to obtain the maximum amount of information about the 
structure in order to determine their behaviour and to adapt the restoration plan to the real 
requirements of the structure. The most of the damage was cracks in walls and columns that seem to 
affect the safety of the building. In addition, the known history of the building and the surrounding 
zone indicates the existence of landslides, collapse of walls and modification of the ground level by 
anthropic filling. Moreover, it was known that the building was erected over the remains of an ancient 
mosque, in different stages. 
As consequence, different evaluations were necessary: 

o Assessing some structural elements of the building (walls and columns) in order to 
determine the extension of damage. 

o Detecting foundations of columns and walls. 
o Studying the ground in order to detect older constructive remains. 
o Studying the ground to determine possible geotechnical problems. 

The structural elements were studied with GPR. However, in order to determine some elastic 
parameters, some of those elements were also studied with seismic tomography. Combining both 
methods allowed to diminish the uncertainty in the results, enabling to separate anomalous zones by 
using their elastic properties. 
The study of the shallowest ground (to locate foundations, graves and buried remains) was carried out 
by means of GPR and resistivity imaging. The geotechnical characteristics of the ground were studied 
from the results of boreholes, GPR and passive seismic.  

 

c b 
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Data acquisition 

The GPR survey was carried out using commercial SIR-3000 radar from GSSI with 200 and 400 MHz 
nominal centre frequency shielded antennas. The penetration depth was about 6 m with the 200 MHz 
nominal antenna (14 profiles), and 2 m with the 400 MHz antenna (17 profiles). The electromagnetic 
wave velocity was determined close to the boreholes by comparing the radar data with the strata 
information obtained from the mechanical boreholes. With these results, an average value of 10 cm/ns 
was applied to transforming the two-way travel time into depth in the case of the deepest profiles. In 
the superficial analysis, the average velocity was 8 cm/ns.  
The seismic tomography consists of the 2-D or 3-D reconstruction based on the travelling wave 
velocity and/or amplitude. Depending on the transmission and reception device, it can be defined as 
reflection, diffraction, transmission and refraction tomography. The sensors were fixed to the 
structures using wax and adding an elastic tape for instrument security. This methodology was applied 
in the evaluation of some columns, and the data was collected with a high frequency and high 
sensitivity accelerometer, connected to an acquisition system and signal analyser, scanned at 63500 
samples per second. 
The passive seismic data was background noise recorded with a DAQlink II multichannel 
seismograph. 24 geophones were used with 4.5 Hz resonant frequency. In order to obtain good 
contact between the sensors and the soil, the geophones were placed on metal base plates. 
Resistivity measurements were carried out with an Ohmmapper TR1 (Geometrics Inc.), with 
continuous digital recording system. This equipment enables resistivity imaging to be obtained 
without implanting the electrodes in the ground, being a non-destructive testing equipment. The 
configuration was a dipole-dipole array, which provides both lateral and vertical coverage of the 
investigated medium. Due to the size and characteristics of the site, the profiles were isolated and 
parallel, and the results were 2D electrical images of the profiles. 

Results: assessment of the structure 

The results obtained with seismic tomography and GPR in the study of the columns and walls 
highlighted the existence of damage in some elements and the distribution of stones inside the column 
(Perez-Gracia et al., 2013). Seismic tomography illustrates the section shaped by big stones, and 
zones where significant changes in the velocity could be related to damage in the stone and, therefore, 
to weak zones (Figure 7). 

 
Figure 7. Results of the seismic tomography. The results show the arrangement of the stones and the 

existence of damage in two of the stones. 
 
 
 
 
 
 



     
 
                                                                           

GPR data was acquired along parallel lines along the column. Combining results, a synthetic 
radargram was obtained, highlighting the anomalies detected in the section (Figure 8).  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. GPR assessment of one column 
and synthetic radargram obtained for the 

section, showing the reflections in the 
surfaces between stones and some 

anomalies that could indicate the existence 
of damage. 

Results: study of the shallowest ground 

Inside the cathedral, the study was focused in detecting graves, the possible existence of older remains 
belonging to the ancient mosque, and –in some cases– the foundations of supporting structures. 
Resistivity imaging was a successful method to determine the position of graves and ossuaries (Perez-
Gracia et al., 2009). In both cases, the void was defined in the images as a high resistive zone (Figure 
9a). In addition, electric tomography also denotes important changes in the most superficial soil 
materials under the cathedral.  
GPR allowed the study of the foundation of some isolate columns because of the wide beam of energy 
transmitted to the medium. The buried structure was detected before arriving to the column (Figure 
9b). Radar images seem to indicate that these foundations are built with ashlars arranged in a stair 
shape. 
Finally, the high number of anomalies detected in a small part of the area reveals the possible 
existence of buried remains. Therefore, radar data was acquired in this area using a grid of radar lines, 
separated 0.5 m one to the other. 3D models were built using these data (Figure 9c). 
 
 
 
 
 
 
 
 
 
 
 
 



     
 
                                                                           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 9. Results in the shallow 
surface analysis. a) Two 

examples of the resistivity 
imaging from outside and inside 
the church, showing the changes 
in the materials and the location 
of graves. b) Radar study of the 
foundation of one column. The 

images seem to indicate that the 
foundations are made with stone 
bocks arranged in a pyramidal 

shape. c) 3D radar images 
showing possible ancient 

structures under the church. 
 
Results: study of the deepest ground 

The ground under and around the church was assessed carefully because the damage could be caused 
by small ground subsidence and land differential movements. The historical information about the 
zone defines an area formed by filling anthropogenic materials, dating from the roman period. In 
addition, in the middle age, a landslide of these treated zone caused the partial collapse of a wall close 
the cathedral (Perez-Gracia et al., 2009; Caselles et al. 2015). 
The study was carried out with a grid of boreholes around the building, GPR with low frequency 
antennas, and passive seismic. The results provided by the two gephpysical methods indicate 
significant and lateral changes in the characteristics of the ground. This possible structure was also 
corroborated by the borehole analysis. The most complex zone was near the south wall (Figure 10).  



     
 
                                                                           

 
Figure 10. Results obtained in the study of the deepest ground. Borehole, GPR and passive seismic 
presents good correspondence. Based in those results, the soil under the cathedral was divided in 

three different zones, being the zone called 2 the worst in terms of stability. 
ReMi and GPR were compared to boreholes in order to understand the characteristics that could be 
the cause of the damage in the Cathedral. In the area close to the South wall, both measurements show 
an important discontinuity that could be associated to the filling materials using in the Roman period 
to prepare the terrain. The heterogeneous filling materials were less compacted that the natural 
ground. ReMi indicates an important change in the wave velocity, denoting less quality of the soil. 
GPR, in the same zone, shows heterogeneous reflections and also a significant increase of the clutter 
as consequence of random backscattering. This effect is strongly related to unconsolidated and 
irregular materials (Salinas et al., 2014; Santos-Assunçao et al., 2015), and could be associated, in this 
case, to the anthropogenic filling. The results are in good agreement with the borehole data and with 
historical information. 

 

 



     
 
                                                                           

Case 4. The study of the cathedral of Barcelona: the problem of corrosion 

Introduction to the study 

The geophysical survey of the façade in the Cathedral of Barcelona (Figure 1) was part of various 
studies previous to the complete restoration of the architectural set of buildings. The fall of a big stone 
in 2003 led to an immediate visual inspection that discovered damage as consequence of the existence 
of iron elements supporting some stones and hidden under the sandstone members. These iron 
elements were corroded and caused severe pathologies in the buttresses.  
The objective of the GPR survey was the assessment in order to obtain the maximum possible data 
about the internal characteristics of the façade, being focused in the detection of the hidden iron 
clamps (Figure 11). 
 

 
Figure 11. a) Facade of the cathedral of Barcelona. b) Radar data acquisition tasks. c) Detail of one 

of the iron clamps under the stone members. 
The construction of the Cathedral of Barcelona dates from 1298, when a Romanesque cathedral was 
built in the emplacement. The actual building was finished at late XIX century with the construction 
of the main façade and the lantern. This neo-gothic façade was built in two stages: the first one dating 
from 1420 to 1890, focused in the construction of the façade and buttresses; in the second one were 
added two towers, the third level and the dome. 

Results 

The visual inspection indicated that buttresses were the most deteriorated members. Therefore, the 
first approach to the study of the façade was focused in the detection of metal clamps in the buttresses, 
determining also the thickness of the stone layers and locating possible filled zones. Each one of them 
were studied with five radar lines, covering the whole surface. The results revealed a large number of 
anomalies related to metallic pieces (Figure 12). This result forced a second and most intensive study 
in the entire facade, including ornaments. 
 
 
 
 



     
 
                                                                           

 
 
 
 
 

Figure 12. Radar data 
obtained in the 

buttresses showing the 
reflection caused by a 

metallic clamp. 
 

 
 
 
The final results reveal a large number of large and complex metallic bodies. Some of them were 
equidistant and at little depth, placed between the ashlars. Others were detected between the two stone 
skins, inside the filling materials. The size of those elements was larger than the previous ones and 
usually there was only one of these elements inside each buttress. The complex radar images force a 
probe in one of the buttresses (figure 1c). The result was in good agreement with the GPR 
interpretation, and reveals the existence of metallic and corroded clamps inside the structures. 
The complete assessment of the facade allowed determining the structure of the main walls, composed 
by a single 35 cm skin of ashlars, separated 1.15 m from the facade wall, and filled with homogeneous 
materials between both walls, existing some metallic pieces between both walls in some parts. In 
addition, in the facade wall, exist also a large number of shallow metallic pieces (Caselles et al., 
2006). The final result allowed to define the location of the large clamps inside the buttresses (Figure 
13) and the superficial metallic elements joining the stones (Figure 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



     
 
                                                                           

 
 

 
 
 
 
 
 

Figure 13. Metallic 
clamps inside the 

buttresses. 
 
 
 
 
 

 
 

 
 
 
 

Figure 14. Shallow metallic 
anchors between ashlars. 

 

 

 

 

Conclusions 

The cases presented in this paper are clear examples of the applications of shallow geophysical 
surveys in cultural heritage, particularly in cathedrals. These special buildings are the most 
representative ancient construction in a large number of European cities. 
The ERT survey carried out in the Tarragona Cathedral has distinguished an area with high electrical 
resistivity values, and which was interpreted as an index of the base of the Temple of Augustus. This 
has been subsequently confirmed by selective excavations. The use of flat-base electrodes instead of 
standard pointed electrodes is a very good alternative at sites that cannot be pinpointed.  
The study at the Cathedral of Minorca also illustrates the effectiveness of frequency domain EM 
method for archaeological site prediction in the Cathedral of Menorca. The advantage of the EM 
method is evident because don´t needs for probe contact as opposed to electrical resistivity 



     
 
                                                                           

techniques. This made data collection much more efficient and allowed research to be conducted in 
places that were inaccessible to resistivity meters. Conversely, low resolution and slow continuous 
sampling are the two most significant drawbacks in conductivity mapping.  
The study of the Cathedral of Mallorca highlights the importance of comparing results from different 
studies and reveals the different applications and results that could be achieved using different 
combined methodologies and data acquisition configurations. The different zones were distinguished 
based in two main characteristics: the heterogeneity of materials and the quality of the soils. The first 
one was determined using the GPR images. High heterogeneity of the ground produces a large 
number of anomalies in the radar record. The second one was defined depending on the shear wave 
velocity. Low velocities were associated to low quality materials. As a result, one zone was perceive 
as a more problematic area. Punctual boreholes and historical information associate this zone with an 
old cliff that was filled with anthropogenic materials during the Roman period. Three geophysical 
methodologies were successfully applied in the study: ReMi, ERT and GPR. These three techniques 
can be used in cities and inside buildings, where the space is small and where furniture and other 
obstacles exist. 
In the third case, the study was focused in an increasingly widespread problem in cultural heritage: the 
corrosion of metallic elements that produce important damage in masonry and stones. GPR was 
revealed as a proper methodology to locate these metallic hidden elements, being a successful study 
previous to the restoration. 
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