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Abstract

:

Protection and conservation are not feasible without a deeper knowledge of the cultural heritage of the subject of intervention. A careful analysis of documentation, a detailed visual inspection of surfaces, and a systematic diagnosis of the inner properties are the basis for planning preventive strategies of restoration. Digital noninvasive techniques represent an advantageous tool with useful outputs to estimate the state of health of cultural heritage in order to minimize the progress of degradation. This paper deals with a 3D metric survey through photogrammetry and ground-penetrating radar (GPR) tests applied to the study of the trapezophoros with two griffins attacking a doe of Ascoli Satriano, a masterpiece of ancient art that needs to be protected. This work provided information on both visible and hidden defects, such as numerous cracks that affect the sculpture.
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1. Introduction


The trapezophoros with two griffins attacking a doe (Figure 1) was found in the 1970s through illegal excavations in the territory of Ascoli Satriano (Foggia, Italy). It represents a supporting ritual table (325–300 B.C.) realized using an oriental marble probably coming from Aphrodisias di Caria [1,2] p. 4.



It is probably part of the remains of princely funeral equipment placed in a chamber tomb, made in the typical shapes and sizes of the funerary costume of the Daunian communities during the 4th century B.C. [2] p. 1. This is suggested by the relatively good state of conservation, the link with other artifacts in marble discovered in the same place, and the analogy with a similar table with a function of support for offerings found in the monumental hypogeum Lagrasta I of Canosa [3].



The sculpture, 0.95-m-high and 1.48-m-long, consists of a pair of griffins, each with a lion’s body and a dragon’s head with a crest on the head and wings spread upwards. They are in hunting action while grasping with claws a doe on the ground that emerges with its snout lying on the ground with its front legs folded and its rear ones fully extended. The subject is present with similar iconography in the clay appliques from Taranto [4,5] and was reproduced in one of the painted bands that decorates the Kline A, a mortuary bed of the Macedonian tomb of Potidea [6].



One of the main elements of interest of the artefact is represented by the pictorial decoration characterized by the presence of six different colors [2] pp. 4–5: in pink, the engraved lines of the attachment of the plumage to the body of the griffins and inside the nostrils, in yellow–beige, the body of the griffins and the internal curvature of the edge of the wings, in bright yellow, the doe, in red, the crests of the griffins and the blood of the bitten doe that flows from their jaws, in blue, the wings, in white, the deep groove of the feathers, and, in green, the rocky base.



The sculpture and the artifacts found together with it have had a troubled history [1,7,8,9]. Grave robbers sold the trapezophoros to the art dealer G. Medici, and it later ended up, through the international trafficker R. Symes, in the collection of the Belgian–American diamond merchant and mining magnate M. Tempelsman. Subsequently, it was sold to the J. Paul Getty Museum in Malibu, California. After long negotiations conducted by the Italian Ministry for Cultural Heritage, 22 years after the purchase was made in 1985, the finds were returned to Italy on 1 August 2007. In June 2010, the Ministry authorized the return home of the extraordinary objects that are currently conserved at the Museum Complex of Ascoli Satriano [10].



Today, the trapezophoros is affected by important instability phenomena highlighted by many superficial lesions. No document concerning its cracked state has been produced so far. Given the important need to preserve it and the lack of a complete reading of its state of health, a highly detailed diagnostic study was realized in the form of a collaboration between the Superintendence of Archeology, Arts and Landscape for the provinces of Foggia and Barletta–Andria–Trani and the University of Molise.



A geophysical diagnosis represents a well-known tool to achieve the identification, protection, preservation, enhancement, and fruition of Cultural Heritage [11]. Within this contest, various techniques are commonly applied to search for potential buried archaeological targets and to analyze architectural heritage and historic structures [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. In recent years, the use of geophysics for the diagnostics and monitoring of the health statuses of structures, surfaces of archaeological monuments, and manmade artifacts has largely increased because of the improved need to investigate cultural heritage features in a noninvasive way. In this framework, ultrasound, vibration-based methods, linear variable displacement transducer (LVDT), synthetic-aperture radar (SAR), thermography, and ground-penetrating radar (GPR) are often employed because of the nondestructive features of the applications and the high resolution of the results [11,31,32,33,34,35,36,37,38,39,40,41,42]. For overall analyses of an artifact, the diagnostic methods are often qualitatively and quantitatively integrated with 3D metric surveys (photogrammetry and laser scanner), gathering information on external and inner signs of deterioration [43,44,45,46,47,48,49,50,51].



For this purpose, the following workflow was adopted in the study of the trapezophoros:




	
The creation of a high-resolution 3D model and orthophotos of the external surfaces through a photogrammetry digital survey (Figure 1a) in order to highlight the decay and even the type, which is not perceivable by direct sight.



	
An analysis of the inner surfaces through the implementation of noninvasive GPR surveys (Figure 1b), with the purpose of detecting anomalies and possibly indicating voids or fractures.



	
The production of new and detailed documentation, which has been nonexistent so far and which is useful for planning future conservation actions.









2. Materials and Methods


2.1. Photogrammetric Digital Survey


The survey was performed by acquiring about 500 photos, ensuring a mean overlap of about 80% using a reflex Nikon D80 camera equipped (Figure 1a) with a CCD (charge-coupled device) sensor (23.6 × 15.8 mm), with 12.2 million pixels and a fixed focal length of 24 mm. The images were captured in RAW format, setting the camera in aperture priority mode (value f/9) and an ISO value of 100.



Agisoft Photoscan software was used for data processing using the following steps:




	
Frame alignment through the Structure-from-Motion (SfM) technique [52,53]. A sparse point cloud consisting of 308,196 points that describes the object’s geometry (Figure 2a), and the camera positions at the frame captures were obtained using the “medium alignment” (key point limit: 40,000 and tie point limit: 4000).



	
Construction of the geometry through dense cloud portrayed by 5,720,932 points (Figure 2b) using the “medium build dense cloud” settings.



	
Mesh production in which the point cloud was transformed onto a surface consisting of 380,785 triangulated dots (Figure 2c–e). In order to recognize and fit discontinuities on the model, the “multiresolution model” routine based on automated algorithms was used [54]. Furthermore, the “optimization method” and the “decimation filter” were applied for rearranging and smoothing, respectively, the nodes of the triangles and for simplifying the model and generating a multiresolution model.



	
Positioning the 3D model in Cartesian space in real metric units with a total station. The coordinates of the topographic survey were introduced, placing ground control point (GCP) markers on each frame, which exist in multiple images, obtaining an average registration error relative to the entire photogrammetric survey of about 3 mm (Figure 2f).



	
Construction of the texture through the application of the photographic images to the 3D digital model (Figure 2f and Figure 3). The “generic mapping mode” was used to create a texture as uniform as possible, and the “mosaic blending mode” was used for avoiding seam line problems and for blending low and high-frequency components regarding overlapping images.



	
Creation of orthophotos of the visible surfaces with a resolution of 1.56 mm/pix (Figure 4).









2.2. GPR Survey and Data Processing


An IDS georadar RIS-K2 with a 1200-MHz high-resolution antenna was used for data acquisition. The survey was designed, taking into account the complex surface of the sculpture, and 26 profiles with varying lengths were acquired (Figure 5). Technically, data acquisition took place on lines, sometimes with a curvilinear shape, where instrumental readings were executed in continuous mode using marks to signify changes in the surface levels.



Raw data were processed using GPR-SLICE 7.0 software [55] using standard methodological approaches. In the first step, data and trace editing was executed, inserting information such as the temporal and spatial sampling intervals (time window, 40 ns, samples/scan, 512, scan/mark, 25, and unit/marker, 1). Data were recorded and processed as 16-bit data and were converted, subtracting out the dc-drift (wobble) in the data and, at the same time, adding a gain with a time of 20. A time-zero correction was determined to designate the starting point of the wave (27), and the center frequency (1212 MHz) of the antenna was matched.



Then, a bandpass filter and background removal were respectively applied to reduce noise from the oscillating components that had a regular frequency cycle in the frequency domain (low cutoff: 383 MHz and upper cutoff: 3212 MHz) and to remove striation noises that occurred at the same time.



Processed radargrams were subsequently corrected with an automatic gain control (ACG) function [56] applied to each trace based on the difference between the mean amplitude of the signal in the time window and the maximum amplitude of the trace.



The depth of the reflectors was approximately derived considering a velocity of 11 cm/ns, which is typical for marble, the material of which the sculpture was made. This supposition was confirmed by fitting the hyperbolas in radargrams 1, 2, 3, and 26, which allowed for the definition of the same average velocity and a relative dielectric permeability of 7.44 to be compatible with the material under analysis. Using these parameters, the migration time domain method (Kirchoff migration) was finally applied to obtain a focused image of the underground objects. We avoided further processing of the data with other algorithms by introducing additional estimated parameters with the possibility of obtaining an arbitrary and inaccurate evaluation of targets.



Following [57,58], the vertical resolution was taken to be between 0.45 cm and 0.225 cm, and the horizontal resolutions, at depths equal to 2 cm, 4 cm, 6 cm, 8 cm, and 10 cm from the ground surface to the reflection surface where the antenna footprint was calculated, were estimated to be 0.518 cm, 0.587 cm, 0.656 cm, 0.725 cm, and 0.795 cm, respectively. These parameters were considered sufficient and suitable for an overall assessment of the conservation status of the statue with respect to the type of target to be investigated and the thicknesses of the surfaces to be analyzed. We may have to use higher resolution devices for further information if requested by the restoration experts.



Even though a high-resolution topography was obtained by the 3D digital survey, a correction of distortions in the processed radargrams was not produced, as the main objective of the investigation—namely, the verification of the presence of internal fractures—was sufficiently achieved, albeit with an approximation, by analyzing the rectangular 2D pictures (profiles).





3. Results


The visual analysis of the high-resolution orthophoto allowed for the detection of every single fracture, mapping 61 microlesions (magenta color) and portions characterized by the absence of marble (green color) (Figure 6).



Fractures that differed in size, thickness, and orientation could be divided into three types:




	
Type 1: oblique and subvertical fractures with an average thickness of greater than 1 mm and, in some cases, up to 3 mm. The fractures 4, 5, 7–12, 14–18, 21–25, 28, 29, 32, 33, 35, 36, 39, 42–44, 46–50, 52, 54, and 56 are part of this class.



	
Type 2: sub-horizontal fractures with an average thickness of greater than 1 mm, such as lesions 1–3, 6, 19–20, 27, 30, 31, 34, 38, 40, 41, 45, 51, 53, 55, and 58.



	
Type 3: composite fractures that are characterized by the union or intersection of the types mentioned above, such as cracks 9–11, 26, 57, 59, and 60. They have an average thickness greater or equal to 1 mm.








Figure 7 shows the details of the most significant microlesions, as follows:




	
Fracture 25 (Figure 7a,g), which develops transversely to the body of the right griffin (type 1, >1 mm),



	
Fracture 22 (Figure 7b), which affects the neck of the griffin on the right (type 1, >1 mm),



	
Fracture 24 (Figure 7c), which cuts transversely across the hind legs of the doe and the base of the support of the sculpture (type 1, >2 mm),



	
Fracture 49 (Figure 7d), which develops transversely to the left front leg of the left griffon (type 1, >2 mm),



	
Fracture 23 (Figure 7e), which is present on the left front leg of the right griffon and on the back of the doe (type 1, >1 mm), and



	
Fracture 27 (type 2, >2 mm), which cuts transversely the right rear leg of the right griffin (Figure 7f).








The general crack pattern appears very complex, and the most critical conditions concern the bodies of the griffins (in particular, the legs) and the head of the doe and griffins (in particular, the ears) (Figure 8).



As regards the GPR investigation, Figure 9, Figure 10 and Figure 11 display the obtained filtered and migrated radargrams. The analysis of the results was conducted for each individual profile, marking any anomalous signs with colored arrows.



Blue arrows were used to indicate the anomalies corresponding to lesions classified through visual analysis in profile 4 (fracture 26), profile 5 (fractures 25 and 26), profile 6 (fracture 26), profile 7 (fracture 23), profile 8 (fracture 24), profile 9 (fracture 30), profile 10 (fracture 37), profile 11 (fractures 14 and 16), profile 16 (fracture 3), profile 17 (fracture 15), profile 20 (fracture 43), and profile 21 (fractures 48 and 49).



Red arrows in profiles 1, 2, 3, 23, and 24 were used to indicate the anomalies due to air cavities defined by the rectangular tubes crossing the statue in the largest dimension, as seen in Figure 6c. They correspond to the holes for inserting the base of the table.



Green arrows were used to mark anomalies that did not coincide with elements identified by visual inspection and, thus, represented new elements relative to inner irregularities. In particular, three further probable internal fractures were detected in profiles 6, 7, and 21, the locations of which (indicated with green circles) are shown in Figure 8. On the contrary, the anomalies observed in profiles 18 and 26 seemed to be of greater magnitude and could be explained by air-filled cavities due to the large reflection coefficient, such as anomalies in profiles 1, 2, 3, 23, and 24. The dimensions and the regularity with which they are distributed along the base of the statue suggest specific cavities created during the sculpting, the functions of which can be linked to the insertion of reinforcement or support elements.



Profiles 12, 13, 14, 15, 22, and 25 did not show significant anomalies.



The radargrams showed that most of the lesions are superficial and are located in the first 2 cm of the investigated surfaces. The only exceptions are the anomalies detected in profiles 18 and 26, which reach maximum depths of about 9 cm.




4. Conclusions


The combined use of a 3D metric survey and GPR analysis has allowed knowledge about the state of the health of the trapezophoros to be enriched, gathering new detailed documentation that has not existed so far.



The creation of a high-resolution 3D model and the extraction of detailed orthophotos of the external surfaces through a photogrammetry digital survey was useful to document each sign of decay, even the type that was not perceivable by direct sight, and GPR radargrams showed their inner extents, allowing three new probable fractures to be identified. The acquisition of continuous data on such a small and unusual curved surface was a great challenge, and the results produced relevant outputs.



Given the extent of cracking regarding above all the more fragile parts of the irregular sculpture, a careful plan of consolidation and restoration is needed to avoid further damage and the irreversible loss of a portion of it.
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Figure 1. The acquisition of images with a reflex Nikon D80 (a) and a ground-penetrating radar (GPR) survey with an IDS-RIS K2 instrument equipped with a 1200-MHz antenna (b). 
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Figure 2. Sparse point cloud (a), dense cloud (b), mesh RGB (c), solid mesh (d), wireframe mesh (e), and texture with ground control points (GCPs) (f). 
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Figure 3. High-resolution 3D model: front (a) and back view (b) and two details of the sculpture (c,d). 
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Figure 4. High-resolution orthophoto: front side (a), back side (b), right side (c), left side, (d) and top (e). 
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Figure 5. Location of ground-penetrating radar (GPR) data profiles in the frontal (a) and back (b) parts of the trapezophoros. 
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Figure 6. High-resolution orthophoto with indications of cracks: front side (a), back side (b), right side (c), left side (d), and top (e). 
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Figure 7. Details of the most significant microlesions (a–g). 
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Figure 8. Indication of the more vulnerable areas of interest by the cracking phenomena: front side (a), back side (b), and top (c). 
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Figure 9. Filtered and migrated radargrams of profiles 1–12. 
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Figure 10. Filtered and migrated radargrams of profiles 13–17 and 19–25. 
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Figure 11. Filtered and migrated radargrams of profiles 18 and 26. 
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