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Abstract

:

This paper deals with the application of geophysical prospections to the study of the Church of Saint Cosma in Helerito inside the Monastery of Saints Cosma and Damiano (Tagliacozzo, L’Aquila, Italy). The research aimed to verify the presence of buried ancient archaeological structures of a construction phase older than the current building. Thus, a grid of ground-penetrating radar (GPR) profiles was carried out inside the building in the available spaces using a radar unit equipped with a multi-frequency antenna of 200–600 MHz. The analysis of 2D radargrams and horizontal slices relative to different temporal ranges led to the identification of significant regular patterns of the amplitude of the electromagnetic signals. The results suggest the presence of a buried structure below the analyzed surface.
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1. Introduction


Geophysical surveys are largely applied in archaeological prospections [1,2]. In planning the investigations, general preliminary considerations must necessarily be made in collaboration with archaeologists about the characteristics of the targets of the investigations, such as the type of objects to be researched, the supposed constituent material, the hypothesized geometry, the probable dimensions, and the presumed location depth. A technical and scientific analysis must be added to this evaluation considering the type of surface on which to operate, the spacing of the areas to be investigated, the type of terrain, the environmental noise in the area to be studied, the principles and the applicability of geophysical methods to use. In this regard, many techniques are suitable for archaeological explorations.



The geoelectrical method, although having slower acquisition times and small invasiveness due to the need to insert electrodes into the surfaces/terrains compared with other methods, is ideal for identifying deep targets providing easily interpretable results in different soils and surfaces conditions. Many examples prove the efficiency of the method for the detection of near-surface archaeological structures, tombstones, and complex buried buildings [3,4,5,6,7,8,9,10,11,12].



Induced electromagnetic methods are very suitable for the identification of high conductivity objects present at depth and have the advantage of being quick to perform, given the lack of electrodes or wires to be placed on the ground. The limitation of these methodologies consists of the low resolution of returning images and the sensibility to metallic objects and humidity that can inhibit the delineation of the buried target. Given the speed with which the survey is conducted, the method is used above others to obtain large-scale information on the territory being analyzed [13,14,15,16].



Magnetic prospecting is suitable in uniform ground, made of fine materials, and with a moderate magnetic susceptibility. Less favorable conditions for this prospection are sandy soils, surface irregularities, the presence of blocks of volcanic material, or a shallow irregular rocky bedrock. Furthermore, the extreme sensitivity of the magnetic method to metals is a limitation that, in the presence of anthropic structures, influences the quality of data and makes the interpretation difficult. However, the method is useful for identifying shallow objects and structures of archaeological origin, such as furnaces, thermal buildings, and brick walls, in which the material used has been subjected to very high temperatures. In favorable conditions, the magnetic method is very suitable above others in the study of large areas for an overview of archaeological sites [17,18,19,20,21].



The ground-penetrating radar (GPR) method provides high-resolution maps but has limited penetration, which, in the case of high conductivity rocks, such as clays, is reduced. It is very useful in the study of historic buildings [22,23,24,25,26,27,28] and in the circumstance in which there is the need to work on paved surfaces [29,30,31]: In these contexts, it is the least invasive methodology. In good rural conditions, on regular and flat surfaces without high vegetation, the method is also effective, as proved by many papers available in the current literature [32,33,34,35,36,37,38].



This paper deals with geophysical prospections realized inside the Church of Saint Cosma in Helerito inside the Monastery of Saints Cosma and Damiano (Tagliacozzo, L’Aquila, Italy). The research aimed to add cognitive elements about the construction phases of the building and to understand the presence of architectural elements still buried in the subsoil, such as the location of the original Church of Saint Cosma in Sylvis of which there are no material traces despite documentary sources which lead to hypothesize its presence in the area of or below the modern structure. Furthermore, as the place of culture is unknown to the community as it is not accessible to the public now, it seemed useful to show the results of this investigation campaign as adding an enrichment of the state-of-the-art of it.



The ground-penetrating radar (GPR) survey was here preferred to other geophysical methods due to the need to operate in a closed room with considerable environmental noise, on a paved surface, and in a narrow space in which to work, limiting the use of induced electromagnetic methods, geoelectrics, and magnetometry. Furthermore, a high-resolution was required to imagine the supposed shallow buried structures in a non-destructive way.



The results yielded important information not available before about the presence of masonry elements in the subsoil. Consequently, the conditions to deepen the studies were created, providing the necessary data to guide direct archaeological investigations in a targeted and precise manner.




2. Test Site, Material, and Methods


2.1. Test Site


The city of Tagliacozzo is located in central Italy in the province of L’Aquila (Abruzzo region, Italy) (Figure 1a,b). It is located on a carbonate substrate of the Cretaceous–Miocene period (calcarenites, marly limestones, and marls) covered by high-Miocene terrigenous units (marls with silts and sandstones) and volcanic deposits [39].



The ancient town probably originated around a small early medieval (VI–IX centuries A.D.) village that circumscribed the convent of Saints Cosma and Damiano, a nucleus that until the XII century had developed in the upstream part of the same monastery. It is placed along the upper part of the Via Tiburtina Valeria, an ancient road that joined Rome to Pescara on the Adriatic coast. Together with the aforementioned monastery, the churches of Saint Pietro, Saint Egidio, Saint Nicola, and Saint Cecilia were also mentioned in a bull of Clement III of 1188 [39]. In fact, the ancient village had to include at that time both the settlement on Mount Civita (or Civitella) and that on Via Valeria: Just down the road, where the Valeria gate opened, the walls enveloped the Monastery of Saints Cosma and Damiano (Figure 1c and Figure 2).



Over time, the center of Tagliacozzo and the near Carsoli became the two most important centers in the whole area. In the Chronicon monasterii casinensis, both the ecclesiam sancti Cosme de Civitella and sancti Angeli in Carzolo are mentioned [40]. Both monasteries could be much older, in particular, according to Gattola, the origins of the Monastery of Saints Cosma and Damiano date back to a Basilian cell of the 5th century A.D., which arose as a shelter for travelers [41]. Recently, the scholar A. Guerra has argued that this hypothesis could be confirmed by the discovery of the three capitals of the 5th century A.D. preserved in the Monastery and the Church of Saints Cosma and Damiano, elements of reuse perhaps coming from the original cell [39,42].



The Church of Saints Cosma e Damiano is, therefore, one of the most ancient religious architecture of Tagliacozzo: Incorporated in a monastic complex of Benedictine origin, built near a small chapel called Saint Cosma in Sylvis, it has undergone strong changes over the course of the centuries. It is plausible that the ancient church was smaller than the current one, but its location remains uncertain: It could be both the current church, now totally altered in respect to the past, and an older church of which there are clear traces inside the Benedictine monastery, in the lower levels. The church has undergone many and such modifications over the centuries as to make the definition of its construction phases with documented security extremely difficult.



The current scheme is characterized by a Latin cross plan, although the left side of the transept is now incorporated into the monastery (Figure 1c). Recent investigations have shown that the medieval layout of the church had an opposite orientation compared to the current building of worship, rebuilt in the fifteenth century by the Orsini family. The facade originally faced the upper town, where the town was located, while the countryside began behind it. The construction of the new residence of the Orsini moved the city center towards the valley, consequently causing the overturning of the nearby church [39,42].




2.2. Materials and Methods


A GPR survey implies the use of radar units equipped with transmitter–receiver antennas characterized by different frequencies to emit electromagnetic signals into the soils and surfaces. Depending on the properties of materials and on the presence of buried targets, the radar pulse can be attenuated, diffused, dissipated, or reflected towards the surface. The reflection times are relatable with the travel speed with which the wave propagates in the materials.



Taking into consideration the presumed size of hypothesized buried structures, the probable distances between adjacent targets, the size and the logistics of the survey area, a GPR survey was carried out at the Monastery of Saints Cosma e Damiano, inside the little Church of Saint Cosma in Helerito (Figure 1c), using an IDS Georadar (IDS GeoRadar s.r.l., Pisa, Italy), equipped with a multi-frequency TRMF (Time-Reversal Matched Filter) antenna (200–600 MHz).



A plan of profiles was defined inside the naves of the small church, acquiring 35 transversal transects (1–35 in Figure 3) and 10 longitudinal transects (36–45 in Figure 3) with respect to the major side of the building. Where there were no obstacles and enough spaces, lines were spaced 0.5 m apart to have a dense data grid with a high horizontal resolution avoiding the use of interpolation to fill data gaps.



Data on each line were acquired as 16-bit data, using 512 samples per trace in a time window of 100 ns. The interval distance between consecutive traces in data acquisition was 2.4 cm, and the scan time was equal to 0.00384 s. As the radar unit implementation allows using the frequency of 200 MHz, 600 MHz, and a crosspolar modality simultaneously (Frequency-Transmitter 200 MHz, Frequency-Receiver 600 MHz), a first evaluation was done considering the results for each of the three acquisitions. As an example, in Figure 4, the radargrams relative to the three gathered data for profile 1 are displayed. In each image, the same anomalies are recognizable, but in the radargram relative to the frequency of 600 MHz, there is the clearest representation of them and of the background in which they are immersed. Thus, for further processing, only the data relating to this frequency were subsequently considered.



Data elaboration was carried out using the IdsGred [44] and GPR−SLICE version 7.0 software [45], using the following standard techniques [46,47]: data editing and conversion, dc-drift removal via bandpass filtering, time-zero correction (starting point of the wave (20 samples) and the center frequency of 633 MHz), background removal in the frequency domain (low cutoff: 72 MHz; upper cutoff: 1212 MHz), and automatic gaining. Considering the complex layering and the reduced length of the profiles, we preferred not to apply the migration filter, and we avoided presenting results converting time to depth using a mean value with the possibility of obtaining an arbitrary and inaccurate estimate. To provide an idea of the depths of investigation, an average velocity of about 0.1 m/ns was matched fitting D, G, and K hyperbolas in Figure 5, giving a depth scale that ranges between 0 and 1.5 m.



Then, time slices for time windows equal to 8 ns with an overlap 3 ns were processed, considering the overall data set of averaged squared amplitudes of the return reflection for the frequency of 600 MHz. The creation of maps was realized using the inverse distance option interpolating all data within a searching and blanking radius of 0.75 m, a smoothing factor of two, and a grid cell size of 0.02 m.





3. Results


Figure 5 and Figure 6 report some selected, processed radargrams, respectively, longitudinal and transversal to the main side of the church. A first layer was evident in both transversal and longitudinal sections in the range 0–5 ns that is probably due to the construction materials of the actual pavement (facing stones and leveling screed). Furthermore, in all radargrams, a strong reflection was displayed at about 28 ns that can be associated with the presence of a rocky layer. Between them, in the range 8–28 ns, different anomalies were highlighted in a quite uniform matrix. Most of them were located in the temporal window of 5–16 ns, and we could distinguish punctual targets (such as anomalies A–K in transversal profiles) and sub-horizontal features (such as B anomaly in longitudinal profiles). Some anomalies extended until deeper strata, such as D, E, F, H, I, and K in profiles 2, 14, and 23. Weaker reflections (L and M, marked with magenta color) were also highlighted in the range 10–20 ns. Profiles 27–35 put in evidence in the range 5–28 anomalies of small entities with respect to the other profiles, as shown, for example, in profile 34 in Figure 5 (marked with J).



Figure 7 displays the modeled time slices relative to growing ranges in the temporal scale overlapped to the actual planimetry of the church. The maps highlight a complex overlapping of maxima of amplitudes of the electromagnetic signal with a regular pattern. The more superficial slices allowed imagining the presence of different septa of walls arranged following two orientations, one related to the oblique wall of the monastery in the northwestern side of the church and one in accordance with the perimeter of the church. In deeper slices, a distribution of maxima of amplitude with a rectangular shape, oriented as the church, persisted.



In Figure 8, anomalies individuated on the radargams were evidenced on the horizontal slices relative to 8–16 ns and 11–19 ns. Lines of interpretation help to delineate a hidden archaeological structure in which there is probably overlapping of walls of different construction phases.



In the time slice relative to 8–16 ns (Figure 8a), the highs B, E, G, and H were parallel and seemed to be connected with I anomaly, that was the clear projection of the northwestern oblique wall. The parallel highs D, C, and F were perpendicular to B, E, G, and H. Furthermore, C and F had the same dimensions (1.5 m × 0.5 m) and were spaced half meter each other. In the area marked with J, medium and low values of amplitude were detected.



In the time slice relative to 11–19 ns, the orientation of anomalies changed, and different regular patterns may be distinguished. While A, K, D, H, I, E, and G anomalies persisted, in correspondence of B, C, and F anomalies displayed in Figure 8a, week dishomogeneities (B, L, and M in Figure 8b) occur. Even if of a minor entity with respect to the shallow ones, their rectangular shape in accordance with persisting ones let us report L and M as probable buried targets.




4. Discussion and Conclusions


GPR investigations conducted in the small underground chapel of Saint Cosma in Helerito seemed to attest to the presence of structural schedules referring to various chronological moments.



The analysis of each 2D radargram led to the identification of two kinds of anomalies: punctual anomalies or hyperbolas imputable to linear targets with different thickness intercepted transversely, and horizontal anomalies attributable to the same kind of buried features scanned along their entire length directly from the top surface. The relative horizontal position and the spatial distribution of the underlying targets were more appreciable in the horizontal maps relative to different portions of the investigated soil. The indication of the reflections in the radargrams with their corresponding anomalies in the time slices in comparison with the actual wall structures provided a detailed and clear analysis of the data that helped in a correct interpretation of the results from the archaeological point of view.



The main consideration that can be derived from this research is that the anomalies recorded in the most representative time intervals (8–16 ns and 11–19 ns) revealed the presence of at least two structural alignments that follow two distinct, well-defined orientations in geometry.



The first set of anomalies (detected in the time range 8–16 ns), probably related to a recent single design moment, indicates a shallow structure oriented approximately NNE-SSO that differs in orientation both from the perimeter of the modern church and from the distribution of the internal spaces (Figure 8a). In particular, the I anomaly is clearly the projection into the soil of the actual northwestern oblique wall and links this group of anomalies to the modern building. Furthermore, the parallel E–G, B and H anomalies and the ones perpendicular to them (D, C, and F) due to the regularity of their geometry allow imagining the septa of walls belonging to the same building characterized by very small rooms and environments similar to others existing in the modern building. The analogy with the walls of the Monastery of Saints Cosma and Damiano, lead to the supposition that the superficial anomalies belong to the recent structure of the medieval period whose organization has evidently been distorted in more recent times in variations related to the Church of Saint Cosma in Helerito.



The second group of anomalies, on the other hand, is the one indicated in the deeper maps (in particular in the time slice relative to 11–19 ns, shown in Figure 8b). They probably refer to an older phase of the complex, arranged along a NE-SO axis, and their orientation matches the upper monastery complex. The type of structure identified has the characteristic of having a central room located in the center of the nave of the current Church of Saint Cosma in Helerito (M rectangular space) supported on the sides by significant anomalies (E–G, H–I, and D). Furthermore, small spaces surrounded by fragmented anomalies are also imaginable (L, for example). Even if M and L anomalies appear to be weaker with respect to the other strong ones, their attribution to hyperbola tails or other aspects of radar reflections of the upper B anomaly (Figure 8a) can be excluded as it clearly has a different orientation. Rather, a link with the second group of anomalies identified (E–G, H–I, and D in Figure 8b) can be hypothesized.



Having intercepted the rocky layer at about 28 ns, this structure could be associated with the oldest construction phase, perhaps incised in the bedrock, such as the numerous cave chapels that, starting from at least the late ancient period (V century A.D.) but even more from the early Middle Ages (VI–IX centuries A.D.), populated the national territory. This type of construction was built indiscriminately from north to south of the country and the hypothesis of an analogous chapel that may refer to the chapel of Saint Cosma in Sylvis, still not intercepted today by direct archaeological investigations, is very suggestive. Moreover, there are numerous scholars, from Gattola to Guerra, who hypothesize the presence in the area of a Basilian cell built in the V century A.D. as a shelter for travelers, and perhaps confirmed by some elements of reuse, preserved in the church and the monastery, referable to the same era.



The overlapping of the two different groups of supposed targets occurs in a very restricted portion of the soil. This is proved, for instance, by the analysis of the angle that separates the I and H anomalies: While, in the more superficial slice relative to 8–16 ns, it is slightly wider than 90 degrees, in the deeper slices, it is perfectly right, changing path in the bottom layers. This leads us to suppose the coexistence of two very close but different constructions, stratified in the same point, confirming GPR’s great ability to discern, with high resolution, a complex buried with an overlay of archaeological features in a very narrow soil thickness.



Future further field campaigns of prospection will also be planned using other types of antennas with higher frequencies to obtain a better resolution and to integrate/correlate the results with other methods, such as the electrical resistivity tomography.



In general, the achieved geophysical results proved the efficiency of the adopted methods, adding scientific value to the status of knowledge of the case study through a fast and non-invasive survey, able to guide direct investigations in a targeted and precise manner. A direct verification in the field will give certainty of the nature of the buried objects and, in the case of ancient finds, will define their age and the real archaeological value of the anomalies found.
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Figure 1. Location of Tagliacozzo (L’Aquila, Italy) (a) and the Monastery of Saints Cosma and Damiano (b) on a Google EarthTM satellite image and an indication of the Church of Saint Cosma in Helerito inside the planimetry of the monastery (c). 
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Figure 2. Southern side of the Monastery of Saints Cosma and Damiano [39,43] in a photo dating back to the 1940s. 
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Figure 3. Survey plan showing profiles position (a) and IDS Georadar during data acquisition (b). 
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Figure 4. Profile 1: radargram relative to the frequencies of 600 MHz (a), 200 MHz (b), and in a cross-polar modality (Freq-Transmitter 200 MHz, Freq-Receiver 600 MHz) (c). 
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Figure 5. Indication of anomalies on selected transversal radargrams from the entire data set relative to the frequency of 600 MHz. 
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Figure 6. Indication of anomalies on selected longitudinal radargrams from the entire data set relative to the frequency of 600 MHz. 
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Figure 7. Time slices in the range 0–26 ns, distances in meters relative to the frequency of 600 MHz. 
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Figure 8. Time slices relative to the time windows 8–16 ns (a) and 11–19 ns (b) with an interpretation of anomalies. Distances in meters. 
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