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Abstract

:

Featured Application


We identify undiscovered archeological burials through a multi-parametric approach, which includes electrical resistivity tomography, capacitive resistivity and ground-penetrating radar methods coupled with the novelty of Radon in soil measurements. This approach has proved to be a fast and easily deployable tool for mapping burials in a particular geological context.




Abstract


A multi-parametric approach that involves the use of different geophysical methods coupled with geochemical data allowed us to identify undiscovered archeological burials in a funerary area of the Grotte di Castro Etruscan settlement. In particular, we tested the suitability of the capacitive resistivity method and the presence of Radon in soil for the identification of burials calibrating their outcomes over coincident survey profiles with standard geophysical techniques routinely applied for archaeological prospections. Soil Radon data were acquired both in a grid and along a profile to highlight anomalous gas concentrations, whereas electrical resistivity and ground-penetrating radar measurements were conducted on overlapping profiles to depict the electrical and electromagnetic subsurface distribution. Data integration showed a series of anomalies, suggesting the presence of multiple burials starting from a depth of approximately 1.5 m below the terrain surface. Slight anomalies of Radon in the soil were found to correspond to most of the recovered geophysical ones. Our results pointed out the effectiveness of geophysical method integration in archeological prospecting with the novelty of the joint use of Radon in soil measurements and capacitive resistivity tomography. The latter provided reliable results and can be considered as a standalone technique in archaeological surveys.
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1. Introduction


Grotte di Castro is a medieval (IX-X c.) village within the Viterbo province, approximately 100 km north-northwest of Rome, close to the border between Lazio, Toscana, and Umbria. The study area is a portion of the Vigna la Piazza necropolis, one of the several funerary areas (Figure 1) pertaining to the Etruscan settlement of Civita, the remains of which occupy a wide tuff plateau rising 0.5 km southeast of the modern village [1]. Herein, we present the results from a multi-parametric research approach, which involves the use of geophysical and geochemical data with the aim of mapping new archeological features over a portion of the Vigna la Piazza necropolis that is located amongst a volcanic environment (Figure 1). The geophysical and geochemical study of buried structures in Vigna la Piazza relies on the possible presence of empty, partially empty, or recently filled voids excavated inside the tuff ridge. The contrast between soil/air/soil interfaces makes electromagnetic (EM) and electric methods suitable for their detection.



Geophysical methods play an important role in the investigation of shallow buried remains and aid in focusing the wide berth of archeological excavations [2,3]. The effectiveness of any geophysical method depends on (i) the existing contrast in the physical properties that allows characterization of the target and host media (i.e., electrical, EM) [4], (ii) the environmental setting, and (iii) the logistical constraints that may hamper or limit the geophysical survey (e.g., in urban areas) [5].



Recently, multi-parametric geophysical surveys have become a standard approach as they provide a higher level of accuracy in data interpretation compared to a single technique. Regarding the archeological investigation, the joint use of geophysical methods based on detecting contrasts in the dielectric constant, such as ground-penetrating radar (GPR), in the resistivity distribution is similar to those measured by electrical resistivity tomography (ERT) or in the magnetic susceptibility through magnetic method (MM) are the most used to image buried remains [6,7,8,9,10,11,12].



Among them, the capacitive-coupled resistivity method (CCR) is less present in the archeological literature, even though it permits the mapping of the subsurface resistivity distribution over large areas in a relatively short time as capacitive electrodes can be towed over the surface [13,14,15].



The application of geochemistry as a tool to locate and delineate archaeological sites [16,17] or to interpret archaeological soil features [18,19,20] and buried cavities [21] reported, till nowadays, a limited understanding of the link between soil chemistry and the presence of archaeological remains. This aspect is witnessed by the low number of peer-reviewed studies that report on the use of geochemistry to map archaeological targets compared with those using geophysical methods, remote sensing, and coring [22].



Geology modified from the geological map of Regione Lazio (http://dati.lazio.it/catalog/it/dataset/carta-geologica-informatizzata-regione-lazio-, accessed on 25 July 2021). The geological units reported in the legend are: Alluvial gravel, sand, and clay (A); Scoria and lapillus (B); Oversaturated lava and laccolith (C); Oversaturated and undersaturated Lava (D); Tuffs, mainly litoid (E); and Stratified and earthy tuffs (F). The inset shows the Roman Volcanic Districts modified from Manca et al., 2017 [23]. The solid-black dots 2 through 15 indicate the locations of the main necropolis in the area, while dot 1 indicates the position of the Civita plateau, with detail of the defended perimeter [24].



However, isotope geochemistry can significantly contribute to archaeological research and investigation. A wide range of elements and materials can be analyzed to provide insights into the age, diet, mobility, climate, and provenance of a settlement with important implications in providing useful archaeological hypotheses [25]. Moreover, it was demonstrated that constraints on the shape and the orientation of graves could be obtained in a very fast and reliable way by sampling the Rn-222 radioactive gas isotope in the Etruscan necropolis of Tarquinia (Italy) [26].



Furthermore, integration between Radon (Rn) measurements and geophysical methods has been successfully applied to locate the Chinese Emperor Qin Shi Huang Mausoleum underground palace [27].



In the Grotta di Castro area, the suitability of the method is ensured by the presence of volcanic tuff, which is known to naturally emit Rn into the atmosphere [28]. The continuous emission of Rn involves its accumulation, especially in empty hollows and in the absence of migration pathways [29]. In light of this, Rn in soil measurements was tested as a complementary technique for the individuation of archeological burials. Data were acquired over a regular grid and a profile in overlap to the ERT, CCR, and GPR surveys in order to check for anomalous values and their relation to the geophysical anomalies.



In addition, this study also reports on the comparison in terms of data resolution and output models between CCR and standard high-resolution techniques (GPR and ERT). The main strength and weakness points of each geophysical method were considered, and the use of Rn methodology as an alternative method to locate relevant burial targets was evaluated. The obtained results of combining data from different methods show a relatively good correlation regarding the mapping of the subsurface archeological structures. Even the Rn survey shows a good match with other standard geophysical methods.



A secondary goal of this study case was to provide the “Soprintendenza Archeologica Belle Arti e Paesaggio” with a non-invasive and reliable investigation strategy for approaching this type of survey in similar application contexts [14,30]. On this topic, the recorded data and models were overlaid onto a high-resolution (1 pixel = 0.05 m) digital surface model (DSM) and an orthomosaic image of the whole study area obtained by a photogrammetric survey. The latter was carried out using a low-angle, 9 m tall, pole-mounted mirrorless digital camera and the “Structure-from-Motion (SfM)” photogrammetry technique. To scale the images, we employed a dual-frequency geodetic GPS/RTK receiver STONEX A6000 to measure the coordinates of a set of reference ground control points (GCPs) in the investigated area. GCP positions were estimated in real-time using the RTK technique, obtaining 1–2 cm accuracy with respect to the reference GPS station TOLF, which belongs to the GNSS network of the Istituto Nazionale di Geofisica e Vulcanologia (Avallone et al., 2010) and pertains to the ITALPOS network (https://hxgnsmartnet.com/en-gb/. Accessed on 25 June 2021) for real-time positioning services. The obtained DSM (4 points/cm2) and orthophoto resolution was in the order of 5 mm/pixel.




2. Materials and Methods


2.1. Geological and Archeological Settings


The study area is located a few kilometers north of the Bolsena Lake in the Vulsini Volcanic District, which is characterized by four emission centers that were active 600,000–100,000 years ago, and are now represented by the caldera collapses of Bolsena Lake, Montefiascone, Latera, and Vepe [31]. The study area lies on a tuff ridge, which is the result of the deposition and subsequent weathering of volcanic ashes from the Latera Complex [32,33]. In the study area, the chemical composition of the rocks is mainly characterized by potassium, rubidium, thorium, uranium, and volatile elements, such as chlorine and fluorine. The origin of the K-rich magmatic activity is related to the development of the eastern extensional structures of the Tyrrhenian basin, which occurred between the orogenic belt of the Apennines and the slow spreading center of the Tyrrhenian Sea [23].



The Grotte di Castro area and its surroundings have been of interest to human occupation since the early Middle Paleolithic (35–100 ka), wherein the earliest evidence of human occupation are Musterian lithic assemblages [34]. At the beginning of the Archaic Age, the settlement of Civita acquired relevance by becoming, and was reconstructed to be [24], the northernmost point of the defense system organized and kept in use by Volsinii from the VI to the III century BCE. During the VI century, the settlement occupied part of the upper hillside with a total area of approximately 24 ha and remained seemingly prosperous, not without inconsistencies, until the end of this period. Aside from the Casali Centocamere and Pianezze, the Vigna la Piazza necropolis is one of the most important Etruscan funeral sites among those found and investigated in the immediate surroundings of the Civita plateau. It lies less than one kilometer northwest of the northernmost edge of the plateau at 427.2 m ASL on the SP48 road, which connects the Grotte di Castro with the Bolsena lakefront area. Approximately 30 m west of the necropolis, a segment of an ancient “tagliata tufacea”, a path running in a man-made tuff gorge, testifies to the Etruscan road system connecting the Civita plateau with the surrounding necropolis and wider landscape. This necropolis was in use from the end of the VIII century to the beginnings of the V century BCE, thus making it the most ancient of those around Civita. It is characterized by both individual burial sites in simple pits or pits with lithic sarcophagi and multiple burials within rock-cut chamber tombs pertaining to the most characteristic local types (Figure 2). These tombs are formed by a dromos (access corridor) and an atrium (central room), providing access to the tablinum and cubicula funerary rooms [1,24,34]. This particular tomb typology was chosen for the present study because of the strong geophysical and geochemical signature given the expected contrast between the rock-cut chambers walls and the infill (either empty or filled with soil).




2.2. Electrical Resistivity Data Acquisition


Electrical methods reveal information regarding subsoil material and buried structure architecture through the analysis of the resistivity distribution (ρ, expressed in Ohm.m) measured along survey profiles. In this study, ground resistivity data were acquired using two different electrical resistivity tomography methods: CCR and ERT.



The CCR instrumentation (OhmMapper powered by Geometrics) consists of a multi-receiver array (five receivers) with a 5 m dipole-dipole transmitter and receiver cables [35] and a constant rope length of 5 m. This configuration was used to measure the 2-D subsurface resistivity distribution down to a depth of approximately 5 m along three transects: CCR1, CCR2, and CCR3 (Figure 3). The measured voltage at the receivers is a function of the ground resistivity between the receiver and transmitter dipolar cables [36], while the depth of the investigation is generally dependent on the number of receivers employed and the maximum transmitter and receiver distance [37]. Data processing included filtering to remove outliers and smooth the raw voltage data. Then, the de-spiked and filtered data were inverted via a regularized inversion algorithm and smoothness constraints [38] to obtain the 2-D distribution of the terrain resistivity. Due to the limited size of the survey area and the presence of scattered vegetation, it was not possible to cover the area with multiple-parallel profiles to extract the 3-D resistivity distribution. The CCR1 profile was recorded in the northern part of the study area, along a small northwest-southeast oriented trail. The CCR2 profile is located on a small flat area above the main paved road upon which the CCR3 profile was acquired.



The ERT method was used to obtain a high-resolution resistivity model along the CCR2 profile and to cross-check the CCR output. We deployed an array of 48 steel electrodes (1 m apart) for a total profile length of 48 m using a georesistivimeter Syscal R2 (IRIS Instrument). We injected a bi-polar square pulse of 250 ms, using a 100 V energy source, to measure n. 714 quadrupoles in a dipole–dipole configuration, which is sensitive to horizontal changes in resistivity and thus suitable to reconstruct shallow subsurface vertical structures. Data processing consisted of removing low voltage data and evident spikes in the raw apparent resistivity data.



Since we did not acquire reciprocal measurements, we use resistance contact, current and the voltage levels as noise indicators to clean the dataset; data quality was instead estimated, taking into account the number (N) of stacks (i.e., repeating the same measurement N times) required for each measure and thus the error was evaluated from the standard deviation for each of the recorded data. We used the algorithm proposed by Loke and Barker (1996) [38] for the 2-D data inversion. The ERT electrodes and the CCR profiles’ topography were extracted from a high-resolution DSM built using a photogrammetry survey.




2.3. GPR Data Acquisition


GPR is an electromagnetic technique that detects the location of objects or interfaces that are buried beneath the shallow portion of the subsoil and characterized by their dielectric properties. In some soil types, such as those characterized by a high content of mineralized water (i.e., clay), or those derived from volcanic rocks or otherwise high in iron or metallic content, conduction and dielectric effects can cause the absorption of EM radiation, reducing the effectiveness of the GPR method [39,40,41].



Herein, the outcropped volcanic unit is mainly characterized by stratified and friable volcanic tuff and is thus suitable for the GPR method. The survey was conducted during the summer to reduce the impact of moisture content. Moreover, void detection is also one of the most suitable targets for this kind of investigation, and the Etruscan burial roofs were expected to occur at a relatively shallow depth (approximately 2 m). Based on these considerations, we recorded three GPR profiles (labeled GPR1, GPR2, and GPR3 in Figure 3) using a GSSI Sir3000 instrument equipped with a 400 MHz central-frequency antenna. The main acquisition settings were as follows: range, 70 ns; vertical sampling, 512; horizontal sampling, 100 scan/m (120 scan/s); 16 bit dynamic. Data post-processing included the application of vertical and horizontal band-pass filters, deconvolution, gain equalization and migration. Reflection arrival times were converted to depth using an averaged EM wave speed of 0.11 m/ns, which corresponds to a dielectric constant of ɛ = 7.5. The “ɛ” starting value was calculated by measuring the two-way travel time (TWT) of the reflections generated from the top of the EB1 excavated burial (Figure 3). This value was integrated using velocity analyses on diffraction hyperbolas occurring along the profiles and was found to be consistent with those proposed in the literature for the same soil type [42,43].



The measured GPR data were georeferenced by linking a geodetic GPS receiver (Topcon GB1000) and using a survey wheel to obtain a more rigorous determination of scan spacing.




2.4. Radon and Thoron Soil Gas Data Acquisition


Radon is a noble gas and is the only naturally occurring radioactive gas. It has three isotopes: 222-Rn (Rn, half-life: 3.8 days), 220-Rn (Th, half-life: 55 s), and 219-Rn (Attinon, An, half-life: 3.96 s). Rn is a short-lived decay product derived from the 238-U decay series, while Th derives from the 232-Th decay series. Because of its low mobility, it needs a gas carrier, such as CO2, to move from underground to the surface. The relatively short half-life of Th makes it useful in discriminating sectors with very fast soil-gas transport and/or Th-rich mineral outcrops. Thus, Rn soil gas measurements were performed along a regular grid of 20 samples (labeled from GC1 to GC20), approximately 2 m apart in order to cover the flat area (approximately 300 m2) where the CCR2, GPR2, and ERT profiles were acquired (see Figure 3). Moreover, an additional nine samples were collected along the CCR1 profile (labeled SGC1 to SGC9). The soil Rn and Th measurements were carried out using a RAD7 Durridge® radon meter. The RAD7 measures concentrations of both 222-Rn (Rn) and 220-Rn (Tn) in the gas phase by exclusively collecting Rn and then counting the alphas emitted by the decay of their respective daughter nuclides 218-Po (t1/2 = 3.04 min) and 216-Po (t1/2 = 0.145 s). The soil Rn and Th were pumped from the ground at a depth of 40–50 cm using an internal pump. A desiccant (drierite) trap and an inlet filter were used to protect the detector ionization chamber from reaching a soil humidity greater than 10% [44]. The Rn and Tn measurements require approximately 15 min of pumping in the field in order to reach equilibrium with the measured daughter nuclide 218-Po. The acquired data were statistically and graphically processed to identify the geochemical lineaments, background values, and anomalies. An objective approach to the anomalous threshold estimation was obtained using probability graphs [45]. This procedure entailed approximating segments of a probability curve (or identifying inflection points) by straight lines and then selecting threshold values at abscissa levels that corresponded to intersections of these “linear” segments. In the simplest case, a single threshold would define two populations (background and anomalous values). However, if the two populations are not clearly separated, they may overlap in an interval defined by two bounding threshold values. Classed post maps of Rn, Th, and their ratio were developed for data visualization and to study spatial patterns. These maps group the data into discrete classes that represent different populations (i.e., background, low anomalous values, high anomalous values, and outliers) distinguished on the probability plots.





3. Results


3.1. Electrical Resistivity Results


Figure 4 shows the resistivity profiles obtained from the inversion of the CCR measurements. The CCR2 profile (b-b’ in Figure 4a) was recorded by crossing the excavated burial site Eb1 (Figure 3) to obtain a resistivity reference signature of the investigated targets. This burial was located on the border of the area, which was very close to a metallic fence that prevented the center of the capacitive dipoles from being towed over it.



Nevertheless, the void presence was still well recognizable in the eastern margin of the profile where high resistivity values (ρ > 2500 Ohm.m) occur. Because of its marginal position, the Eb1 burial could not be correctly reconstructed by the inversion algorithm. Observing the distribution of resistivity values along the b-b’ transect, it was possible to separate the data into two sub-horizontal electrical units. A shallower unit, “A”, is characterized by ρ ranging between 500 and 900 Ohm.m and a thickness of approximately 4 m. This unit overlays a relatively lower resistivity unit, “B”, where resistivity values are lower than 350 Ohm.m. Within unit A, three shallow high-resistive anomalous spots occur, characterized by ρ values higher than 1200 Ohm.m (e5, e6, and e7 in Figure 4). These resistivity anomalies appear to be regularly spaced in the order of approximately 8 m and lie at a depth of approximately 1.5 m below ground level.



The CCR1 profile (a-a’ in Figure 4b) shows a similar subsurface resistivity setting, permitting the identification of the same two units, A and B, and shows three additional high-resistive anomalous structures.



In comparison with the CCR2 anomalies, these are slightly different in shape, spacing (approximately 10 m), depth, and output resistivity values (e1, e2, and e3 in Figure 4b).



The profile CCR3 (c-c’ Figure 4c) was recorded at a lower elevation on the paved road and it revealed completely different characteristics. According to the observed lower resistivity values, the resistivity color scale was centered on the unit B reference value (ρ ≃ 350 Ohm.m). This new scale highlights a low resistivity anomaly (e8 in Figure 4c) that coincides with the entrance of an additional excavated tomb (Eb2 in Figure 3). This anomaly is characterized by ρ values lower than 150 Ohm.m and shows sharp vertical contrasts that interrupt the imaged resistivity homogeneity of unit B.



To cross-check the recovered CCR resistivity anomalies, a high-resolution dipole–dipole array ERT survey (1 m electrode spacing) was conducted along the CCR2 profile (Figure 5). The ERT model confirmed the presence of the four resistivity anomalies whose positions are coincident with those recovered in the CCR2 profile. In addition, the model revealed the presence of a relatively thin (1 m) uppermost low-resistive layer (ρ < 200 Ohm.m) throughout the section, which is not as clearly identified.



With the ERT profile, we were also able to clearly identify the excavated burial (Eb1, Figure 3). The electrical image of Eb1 appears as a rectangular-shaped anomaly (approximately 2 m high and 4 m wide). characterized by high resistivity values (ρ > 2500 Ohm.m).




3.2. GPR Results


The GPR profiles conducted in Vigna la Piazza were performed to discover and locate possible, not-yet excavated, archeological remains, and to provide a constraint for the CCR and ERT recovered resistivity anomalies.



The rough site morphology and its status has impeded the acquisition of data onto 3-D grids, forcing us to perform only single lines.



Figure 6a shows the b-b’ radargram (GPR2 profile in Figure 3) that was recorded on top of the excavated burial site (Eb1). As expected, the anomaly (G4, x = 17 m), due to the presence of voids, is clearly visible in the radargram where both the roof and floor returned strong and continuous reflections (dashed white lines in Figure 6b). The Eb1 roof depth is 1.6 m below the surface and its floor at about 3.5 m, as observed using tape measures. The GPR-derived burial dimensions are 1.5 m wide and 2 m high. The absence of noticeable and diffuse wave scattering along the profile indicates that the host media has near-homogeneous dielectric characteristics.



A group of disarticulated strong amplitude reflections (G5, x = 5 m) occurred at the same depth as G4, separated by approximately 10 m. The distribution and amplitude of reflections suggest the presence of a partially void burial chamber that was probably refilled by fine-grained material. The latter is probably formed by weathered tuff, which has a very low dielectric contrast compared to the solid tuff. This particular configuration makes it impossible to correctly reconstruct the chamber geometry while allowing us to identify and locate it through the strong reflections from the void parts.



The c-c’ line (Figure 6b) was recorded on the flat area above the paved road and partially covered the first 20 m of the CCR2 profile (Figure 3). Here, the results were difficult to interpret due to the presence of more diffuse wave scattering occurring at a depth of approximately 1.5 m. At only one point (G7, x = 13 m), we observed an alignment of reflections stronger than the scatter average, with values similar to those recorded for the inferred voids aforementioned. Two additional spots, at x = 3 m and x = 19 m, showed similar reflections but were clearly disarticulated, thus making any interpretative hypothesis speculative.



The a-a’ line (Figure 6c) was recorded in the northern part of the study area along a small northwest-southeast oriented trail overlaying the CCR1 profile (GPR1 in Figure 3). According to the description and interpretation of the G4 anomaly, three evenly spaced and partially filled chambers were clearly recognizable at x = 6, 13, and 19 m along the profile. The G1 and G2 anomalies seem to be connected to the surface via small near-vertical holes visible at x = 5, 11, and 16 m.



Note that close to G3, a 7 m long, strong linear-shaped anomaly occurred starting at a depth of 1.7 m, becoming shallower to approximately 1.2 m below the surface. This anomaly was interpreted to be a small chamber or tunnel that is directly connected to G3 and elongated in the profile direction. The change in depth could be attributed to the change in the profile direction as a result of the trail path.




3.3. Radon and Thoron Results


Rn concentration anomalies must be analyzed site by site because of their dependence on local geological-structural settings.



According to [21] and [27], the presence of voids facilitates gas accumulation, which may propagate outward through fractures, enabling higher Rn mobility.



The gas concentration anomaly of a buried structure can be substantially observed in two different ways: (1) as a spot with a high concentration, in cases of an empty volume where gas accumulates due to the lack of air exchange with the atmosphere or (2) as a low concentration spot if the same volume is partially filled by soil, with no radioactive elements, thus revealing only the structure perimeter.



In addition, the determination of the Th/Rn ratio is crucial as it provides information on the shallow gas circulation and on the effective permeability of the volcanic gas source. Due to the significant difference of the half-decay between the two Rn isotopes (3.8 days for Rn and 55 s for Th), a high Th concentration indicates that this gas is confined close to the surface, and thus, a high Th/Rn ratio is directly linked to a shallow circulation and diffusive gas migration mechanism. Conversely, a low Th/Rn ratio suggests a deeper gas source, which involves a longer transport and the concomitant Th decay, given its low half-life compared to the Rn. Moreover, the Rn longer transport needs a gas carrier (i.e., CO2) to bring it up to the surface and which we found to be close to zero, after a preliminary CO2 flux survey that we conducted in the study area (not reported in this paper). This supports the hypothesis that the presence of Rn and Th was only due to the local volcanic rocks with no input from deeper gas sources.



Figure 7 reports the measured Rn and Th concentrations and their ratio. The acquired dataset shows min, max, and mean values of 213, 10,154, and 4872 Bq*m-3 for the Rn, while Th are 668, 61,989, and 22,225 Bq*m-3, respectively. In general, the measured concentrations mostly range between average soil and atmosphere values, with the exception of some sectors in which anomalous emissions were detected.



In particular, along the northwest-southeast oriented trail, some samples showed very high (Rn > 7000 Bq*m-3 for samples SGC1 and SGC7) and high (4000 < Rn < 7000 Bq*m-3 for samples SGC3, SGC4, SGC8, and SGC9) Rn concentrations. In the same line, the measured Th concentration had very high values (Th > 40,000 Bq*m-3) for SGC1, SGC2, and SGC7. Meanwhile, on the flat area, corresponding to the CCR2, GPR2, and ERT profiles, we observed high to middle-high Rn and Th concentrations (GC2, GC6, GC8, and GC10 in Figure 7a) with Rn values in the range of 4000–7000 Bq*m-3 and Th values well above 30,000 Bq⋅m-3.



Figure 7b shows the calculated Th/Rn ratio. The highest ratio values (Th/Rn > 9, Figure 7b) were obtained in four samples (GC1, GC9, GC11, and GC13) that corresponded to anomalies pointed out by the geophysical methods, while the other three (GC3, GC7, and GC10) showed moderately to high Th/Rn activity ratios (6 < Th/Rn < 9, Figure 7b). The distribution of these points suggests and delineates areas characterized by the accumulation and circulation of gases probably facilitated by the presence of shallow voids.





4. Discussion


The combination of different geophysical techniques reduces the natural ambiguity of each method. In fact, data correlation allows us to reinforce, validate, or sometimes exclude artifacts in the models that were obtained by a single geophysical approach.



Two different types of integration were proposed by Harris et al. (1999) [46], one of which involved data fusion or merging, wherein datasets are overlaid to maintain their characteristics. The other involves data integration, wherein data modeling integration returns a new thematic map. In this study, we adopted the first approach because of the different resolutions between the applied techniques and the fact that the measurements were carried out along survey lines due to the rough topography of the site, mainly characterized by diffuse vegetation, which impeded us to approach with a geophysical 3-D grid acquisition.



The acquisition of the whole geophysical dataset took approximately 2 days and required an additional few days for the data processing. In particular, the CCR profiles required about 2 h and two people for all survey operations.



Before venturing into the comparison between CCR and ERT output resistivity models, there are some issues to consider in order to avoid misinterpretation of the resistivity models.



Since CCR sensors are dragged over the ground, the measured data cannot be considered as derived by point sources, as it happens for galvanic electrodes. We should take into account that the subsoil is not homogeneously sampled along the CCR profile, for instance, due to the presence of obstacles in the surface or simply because the operator does not necessarily walk at the same speed along the line so that the subsoil is not equally sampled as it happens for ERT profiling. Although we average the time-sampled data to a constant nominal electrode spacing, and then we converted the raw voltage measurements to apparent resistivity using a line antenna geometric factor [37], the CCR data will always be incorrectly represented in any electrode-based forward modeling and inversion algorithm [47]. In addition, even in the absence of known noise factors for capacitive methods [48], acquired CCR data will always tend to be noisier than ERT data due to the non-perfect coupling between the sensors and the ground. Such differences in field measurement procedures and noise levels determine that recovered CCR resistivity models will never precisely emulate those recovered from ERT data acquired over coincident survey lines even if the former is calibrated by applying the effective dipole length correction factor [49].



As for the Rn in soil measurements, it proved to be an easy-to-use and low-cost method in which data acquisition took approximately one day simultaneously using two radonometers by two operators. Note that, although the instrument can be easily carried out on any type of soil (arid, vegetated, flat or steep), measurements cannot be acquired after a rainy period, in wet soils, or outcropping rocks. The survey grid design is strictly a function of the target dimensions, which determines the number of samples and the grid size. Measured data can be used to produce a concentration map able to identify soil anomalies and the results provide a horizontal 2-D relative distribution of the concentration anomalies. Nevertheless, recovered results cannot be used to provide quantitative information about the depth of the gas source.



4.1. Geophysical and Geochemical Data Overlay


Figure 8 shows the comparison between the models obtained via ERT, CCR, and GPR techniques. The anomaly due to the Eb1 excavated chamber is clearly recognizable in all geophysical datasets. However, it differs in shape and depth depending on the adopted geophysical method. Meanwhile, the ERT provided a good result in terms of anomaly position and its roof and floor depth detection; the Eb1 CCR anomaly was not correctly reconstructed by the inversion algorithm due to the lack of survey data due to the presence of the metallic fence obstruction along the path. Two main differences were identified between the CCR and ERT output models. Owing to its higher shallow resolution, the ERT resistivity model highlighted the presence of an uppermost lower-resistive layer (ρ < 200 Ohm.m), approximately 1 m thick throughout the section, that was not imaged by CCR data. The western resistivity anomaly (e7) is suggested to have geometrical aspects similar to that of the adjacent anomalies e5 and e6 as compared with the CCR model, which does not precisely locate this anomaly. Note that the CCR dipoles have a minimum dimension of 5 m and thus are unable to depict the resistivity signature of the uppermost layer due to the inherent lower sensitivity at very shallow depth.



As for the e5 resistivity anomaly, the GPR profile showed continuous strong reflections, locating a small void between the roof chamber and the filling material. It also provided an accurate view of the chamber width, but not the floor position, even though the diffuse diffractions due to the chaotic filling material suggest a buried volume. Meanwhile, the ERT model showed a very similar result as the roof anomaly generated a resistive thin layer at a depth of approximately 1.5 m. Similar to GPR, the chamber shape was not recognizable, meaning that the host and fill materials had similar electric properties. Further, the uppermost resistivity variations highlighted by the ERT model in correspondence of the e5 anomaly probably affected the accurate imaging of this anomaly. Conversely, the CCR model is practically insensitive to this effect as no apparent resistivity data were measured for that portion of the ground. As a matter of fact, we could invert a simpler resistivity context (averaged top layer with a void inside) that was largely affected by the imposed starting model (⍴ ≃ 600 Ohm.m) in the uppermost portion of the model.



The e6 anomaly is practically undetected in the GPR radargrams because of the slight difference (less than 0.7 m) between the GPR2/GPR3 and CCR2 paths in that area. This confirms the dependence of our results on the precision in profile overlays when using high-resolution methods.



Figure 9 shows the comparison between the results obtained along the profiles CCR1 and GPR1 acquired on the small northwest-southeast oriented trail. The GPR1 radargram provides a clear image of the separated anomalies (G1, G2, and G3), which is probably due to the presence of partially filled voids.



Conversely, in the CCR model, the e2 anomaly is similar to G2, but it appears more confined in space and magnitude. The G3 anomaly shows some relation to the e3 CCR anomaly, which appears to be related to the G3 lateral extension. Such differences could be reasonably attributed to the change in survey direction and the presence of obstacles above the surface, which probably caused inaccurate positioning of the CCR anomalies along the profile with respect to the GPR line.



Figure 10 reports the Th/Rn ratio from stations that overlay the CCR2 profile. We found a good correlation between the high values measured in samples GC9 (A1), GC11 (A2), and GC13 (A3) and the three resistivity anomalies recovered by the CCR2 and ERT profiles (e7, e6, and e5, Figure 8) and confirmed by ERT and GPR datasets.



Analyzing the trends, we identify a peak with greater intensity (A1), a peak with a lower intensity (A2), and a peak of intermediate intensity (A3). We interpreted these anomalous peaks as due to possible differences in terms of (a) relative depth of the source, (b) gas concentration and accumulation in empty or partially filled cavities, and (c) sealed or partially sealed cavities, which could have generated them. Therefore, considering the very rapid decay rate of Th (a few seconds) as compared to the Rn (a few days), the A1 Th/Rn anomaly suggests a shallower gas source. Note that a high Th/Rn ratio often indicates a deeper gas source, in which a gas carrier, such as CO2, can move the isotope from deep underground up to the surface through an advective mechanism [21]. However, since we measured CO2 flux values close to zero, the presence of Rn and Th is certainly due to the local volcanic rocks instead of deep sources.



A similar scenario can be considered for the A3 sample where, however, the lower calculated Th/Rn ratio suggests a slightly deeper gas source compared to A1. Differently, the low value of the gas’s ratio recorded in the A2 sample can be addressed to a gas source with similar characteristics to the A1 and A2 ones but where the cavity is not completely sealed laterally, thus facilitating the gas dispersion through secondary chambers/corridors or fractures not mapped by our geophysical surveys.



These variations in the Th/Rn ratio appear to correlate local differences in terrain resistivity in which higher values could be interpreted as due to the response of a void space while relatively lower resistivity range could be attributed to partially filled voids. It is worth noting that terrain or cavity sealing status plays an important role in the gas accumulation and thus in its detectability from the surface. Furthermore, by assuming the same size and depth of the cavities, whether they are empty or partially filled if the conditions of lateral circulation of gas (through small tunnels, pipes, etc.) are met, the amount of gas that can accumulate in the cavity decreases and consequently, its measured concentration.



On this basis, we interpreted the e6 anomaly as a semi-closed cavity with lateral air exchange and a lower gas accumulation rate. Conversely, we considered e7 and e5 as belonging to a closed system, in which the differences in the Th/Rn ratio could be attributed to a small variation in the source depth.




4.2. Archeological Relevance of the Geophysical and Geochemical Results


The results obtained in this study evidenced the presence of buried features that can be interpreted as part of the assemblage of rock-cut chambers pertaining to burial structures. The recovered geometry of these chambers shows a very good correlation with those observed in neighboring sites (Figure 1), showing several adjacent chambers aligned at different levels (Figure 2) as already documented by [24].



A spatial pattern of such features emerged, articulating longitudinally between the two excavated tombs, Eb1 and Eb2, and between the modern road and the northern tuff plateau (Figure 11).



We suggest the recognition of at least two structures in such a pattern:




	
− The feature “A”, which includes the anomalies e1/G1, e2/G2/SGC7, and e8, which are spatially related to the excavated tomb Eb2.



	
− The feature “B”, which includes the anomalies e3/SGC2, e7/G7, GC9, e6/GC11, and e5/G5/GC13.








Note that the feature “B” does not show any electrical/EM signatures below the asphalt, although it is evident a land collapse along the road is visible in the DSM, which certainly suggests the presence of such a structure at least at the level of the roadside (Figure 11b). The unclear relationship between the e3 and G3 and between e2/G2 and G3 anomalies suggests caution in the interpretation of the “A” to “B” transition.



The resistivity anomalies e3 and e5/G5 are placed in an intermediate position between the feature “B” and the excavated tomb Eb1/G4. As a consequence, their belonging to one or the other might be questioned and can only be clarified through a focused archeological excavation.





5. Conclusions


This study presents the main results obtained through an integrated geophysical and geochemical survey at Vigna la Piazza necropolis aimed to find unidentified archeological burials.



The effectiveness of the integration between standard high-resolution geophysical methods applied to archaeological prospection was completed by the novelty of the joint use of Rn in soil measurements and CCR. The obtained results combining data from different methods showed good correlation and allowed us to build a map of possible archeological structures. The main limitations of the CCR method were found to be as follows: (i) rough resolution of targets, (ii) low resolution in the uppermost meter of soil, and (iii) possible mismatching in the target dimension and position due to uncertainty in the distribution of measurements along the survey line. Nevertheless, our experience in this study led us to consider the CCR method a very useful tool for a preliminary site investigation. Combining CCR and GPR grids, it is possible to obtain a deeper 3-D vision of buried archaeological structures, covering large areas in a relatively short time.



The determination of the Th/Rn ratio provided useful information to point out zones characterized by the presence of shallow empty or partially empty cavities. Since several necropolises and acropolises in central Italy were constructed with and within tuff materials, the Rn in soil measurements can be successfully applied. Finally, this paper suggests that Rn and CCR methods could be considered reliable tools for the preliminary investigation of such archaeological targets in a similar geological context, and the results will provide archaeologists with guidance on future archeological excavations.
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Figure 1. Geological and archaeological map. 
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Figure 2. Schematic tomb structure. (a) Plan and (b) cross-section view of one of the rock-cut chamber tombs in Vigna la Piazza (VLP7) showing the typical burial morphology. Adapted from [24]. 
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Figure 3. Location map of the geophysical and geochemical surveys. Study area with the location of the geophysical and the geochemical surveys. Insets show (a) CCR and (b) GPR survey operations, wherein the solid-yellow dots indicate the sampled geochemical data, the light-blue solid lines indicate the CCR profiles, while the solid purple and green lines show the GPR and the ERT profiles, respectively. 
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Figure 4. CCR resistivity sections. CCR inversion results of (a) profile a-a’, RMS 5.9% after six iterations (CCR1 in Figure 3); (b) profile b-b’, root mean square (rms) 5.4% after five iterations (CCR2 in Figure 3), and (c) profile c-c’, RMS 3.8% after five iterations (CCR3 in Figure 3). The solid black lines indicate the interpreted interface between units A and B. The topographies of the profiles were extracted via a high-resolution digital surface model (DSM). Recovered CCR anomalies are labeled with letters from e1 to e8. 
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Figure 5. ERT resistivity section. Electrical resistivity tomography (ERT) recovered resistivity model. Root mean square (rms) 2.5% after six iterations. 
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Figure 6. GPR radargrams. GPR radargrams obtained in the Vigna la Piazza Necropolis along (a) line b-b’ (GPR2 profile partially coincident with CCR2 line in Figure 3), (b) line c-c’ (GPR3 profile partially coincident with CCR2 line in Figure 3), and (c) line a-a’ (GPR1 profile partially coincident with CCR1 line in Figure 3). The dashed white lines mark the GPR anomalies associated with the presence of excavated (Eb1) and partially filled burials. Recovered GPR anomalies are labeled with capital letters from G1 to G7. 
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Figure 7. Rn and Th maps. Geochemical maps for the measured (a) Th and Rn concentrations: Red and yellow squares show areas of very high and high Rn concentrations, while green and white ones represent low and very low concentrations. Th concentrations are classified into four classes represented by different light-blue circle dimensions; (b) Th/Rn ratios: Red and yellow circles indicate areas of very high and high ratios while light-blue and blue circles represent low and very low ratio values. 
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Figure 8. Geophysical data comparison. Comparison between all sets of output geophysical models recovered over a coincident line (CCR1, GPR2, GPR3, and ERT profiles in Figure 3). (a) ERT model and (b) image of the already excavated tomb Eb1. (c) CCR1 resistivity model. (d) GPR3 and GPR2 radargrams, wherein the dashed white lines mark the GPR anomalies attributed to the presence of the excavated (Eb1) and partially filled burials. The CCR and ERT profile topographies were extracted from a high-resolution digital surface model. 
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Figure 9. Geophysical data comparison. Comparison between (a) CCR2 resistivity model and (b) GPR1 radargram along the northwest-southeast oriented trail. Dashed white lines mark GPR anomalies attributed to the presence of partially filled voids. 
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Figure 10. Geophysical and geochemical data comparison. Rn/Th values overlaid on the CCR1 profile (b-b’, see Figure 3 for profile location). Yellow dots in the satellite image locate the geochemical measurements selected to develop the Rn/Th ratio profile. 
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Figure 11. Location map of the recovered anomalies. (a) Orthophoto of the survey area with the location of the entire set of recovered geophysical and geochemical anomalies. Solid-red crosses indicate the position of the anomalies as mapped from all applied methods, while yellow and white crosses locate the anomalies as recovered from two/three and one single method, respectively. Solid and dashed-orange rectangles show the interpreted burial structures organization. (b) DSM derived by Structure-from-Motion photogrammetry superimposed on the CCR profiles in a 3-D perspective. 
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