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ABSTRACT 

 

 The study is focused on implementation of integrated, three-dimensional 

geophysical and topographical surveys investigation of Early Prehistoric sites on the 

example of Fumane Cave (Verona, Italy). The methods applied include electrical resistivity 

tomography (ERT), seismic surface waves (HVSR), laser scanner and photogrammetry. 

The study involved the use of two resistivity arrays, Wenner-Schlumberger (WSC) and 

Pole-Pole (PP), both for the shallow resolution in the first 2-3 meters of the deposit and to 

get information about the total depth and the position of bedrock. Seismic surface-waves 

may show amplitude resonances at certain frequencies depending on the thickness and 

elastic parameters of near-surface layers seismic velocity variations and can provide 
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information about the geometry of the bedrock. Two and three-dimensional inversion 

models provided suggestive resistivity images, that provided detailed information about 

deposit’s texture spatial characteristics, indicating areas of low resistivity values where 

potential archaeological materials may be found. Moreover, the maximum depth of the 

deposits is believed to be around 4-5 m based on the Pole-Pole resistivity images, while 

the maximum depth of investigation was around 8 meters confirmed by seismic data. 

Furthermore, by comparing the resistivity, seismic and archaeological data, it is possible to 

characterise better the nature of sedimentary infill and to locate different post depositional 

processes involved into the creation of cave deposit. Laser scanner and photogrammetric 

survey provided georeferenced, high-resolution, three-dimensional, morphologically 

accurate model of the cave and stratigraphy profiles, serving as a starting point for the 

modelling of the geophysical data. Furthermore, the detailed survey of the surfaces, such 

as cave walls, stratigraphy sections and excavation sections, is an important aspect of 

archaeological data collection, investigation, interpretation and archiving of the site.  
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CHAPTER 1: INTRODUCTION 

 
 

1.1 ARCHAEOLOGICAL GEOPHYSICS  
 

During the course of time, archaeologists were integrating into their study the 

achievements and methods borrowed from other scientific fields in order to have more 

complete picture about the past societies. The first geophysical survey to have impact in 

archaeology was without doubt the resistance work by Richard Atkinson at Dorchester-on-

Thames in 1946 (Gaffney, 2008; Gaffney and Gater, 2012). Atkinson hired a simple 

resistance commercial device “Megger Earth Tester” well established for soil studies in 

civil engineering, mainly used at fixed stations where the distance between four probes 

was varied for soil testing in depth (Figure 1.1).  

 
 
Figure 1.1 Diagram of Megger Earth Tester arranged for Wenner resistivity measurement and contour plan 

of the first resistivity survey of a site at Dorchester-on-Thames. Values in ohm-feet (after Clark, 2001). 
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Having in mind the basic requirements in archaeological prospecting where rows of 

reading are taken at the constant probe spacing in order to discover anomalies in uniform 

soil, Atkinson has developed a model later called “leapfrog”, thus creating new, rapid 

method based on Wenner array. The survey results were plotted and the presence of 

ditches and pits have been suggested, and confirmed by later excavations. The survey of 

Richard Atkinson was a crossroad and a beginning point for the geophysics applied in 

archaeology. Atkinson's success tempted many other archaeologists to try resistance 

surveys, and triggered the creation of first undergraduate courses, test sites and 

specialized publications dealing with archaeological prospection and applied geophysics. 

The invention of transistors in 1950's, allowed the development of compact circuits, 

reliable and low in power consumption which encouraged Anthony Clark and John Martin 

to design, in 1956, first resistivity meter for archaeology (Clark, 2001). Since first humble 

beginnings, archaeological geophysics gained a widespread acceptance and became a 

discipline on its own. Archaeologists have been attracted to geophysics not only to recover 

buried features, but also to place subsurface information from standards excavations. Most 

important, applied geophysics can give a lot of information about the near surface in a 

completely non-destructive way, allowing large areas to be studied efficiently, accurately 

and fast, while preserving and protecting them at the same time (Kvamme, 2001, 2003; 

Stevens Nelson, 2014). Cultural recourse managers have also grasped rapidly the power 

of geophysical methods to discover and map sites for selective excavation, producing 

greater economy of time and resources.  Geophysical surveys not only can identify buried 

features for possible future excavation, but can also interpolate between the excavations, 

projecting archaeological knowledge into areas that have not yet been or may never be 

excavated (Cambi, 2005).   

The geophysical techniques usually applied in field archaeology may be divided in 

two large groups (Table 1.1): 

• Active – Based on injection of signals into the ground and measurement of 

the response. 

• Passive – Rely on physical attributes that would exist even in the absence of 

a measuring device (such as the magnetic field). 
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Method Active or Passive Frequency of Use 

Electrical resistance Active High 

Magnetometry Passive High 

Metal detector Active   Low 

Ground-penetrating radar Active High/Mid 

Seismic Active Low 

Microgravity Passive Low 

Induced polarization Active Low 

Self potential Passive Low 

Thermal Passive Low 

   

Table 1.1: techniques of detection in Archaeological Geophysics (after Gaffney and Gater, 2010) 

 

Many techniques of archaeological geophysics, if not all, have been borrowed from 

other disciplines and developed by scientists with geology, geophysics and physics 

background (Aspinall, et al. 2008; Conyers and Leckebusch, 2010). Results of the early 

investigations and methods developed have made it available to move attention to other 

subjects, such as geophysical equipment, data collection, processing and interpretation 

and archaeological analysis. Each site where geophysical data are collected is different 

archaeologically, geologically and environmentally. The variables that must be controlled 

for, and the collection and processing techniques that must be modified to produce usable 

results are always the most difficult to master making geophysics both challenging and 

potentially rewarding. 

Geophysical techniques exploit differences between the physical properties of 

buried remains and the natural soil to allow their characterization in a completely non-

invasive way. In archaeological geophysics principal characteristics and properties taken 

in consideration are: 

1. Magnetic suscesibility  

2. Electrical resistivity 

3. Relative permittivity 

4. Elastic or seismic wave propagation 
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Geophysical techniques are usually most effective where artifact and features of 

interest are located within 2 or 3 meters of the surface, but can be used effectively also for 

more deeply buried features (Dalan, et al., 2011). Whatever the physical properties, the 

results of a geophysical survey is a matrix of data points across a site. Following certain 

data processing patterns these data can be interpreted in terms of buried archaeological 

features. The distribution of any of four physical properties is reconstructed different 

methods of investigation which are: 

1. Magnetometry – based on investigation of subtle changes of earth’s magnetic field 

caused by objects with anomalous magnetic suscesibility 

2. Geoelectrical methods – based on investigation changes of the given electrical field 

associated to the electrical current  that passes through the object and caused by 

the distribution of the electrical resistivity inside of the same object.  

3. Georadar – the transmission and reception of electromagnetic waves measuring the 

variation of relative permittivity inside the investigated body.  

4. The transmission and reception of acoustic and elastic waves and measurement of 

the reflected wave velocities. 

For instance, it would not be wisely to employ GPR on a site covered with vegetation or 

with exceedingly clayey soils, nor is recommended to search small archaeological features 

on a site with abundant metal debris. In order for geophysics to be routinely employed, the 

feasibility of its application under different conditions and to different archaeological 

problems has to be fully understood (Isaacson et al., 1999; Schmidt, 2011). In most of the 

cases implementation of just one technique will not guarantee the success of the survey. 

Different geophysical techniques respond to different physical properties and what one 

technique can see other cannot (Garrison, 2013; Hesse, 1999; Piro , et al. 2000). This is 

why during the geophysical survey should be used at least two different techniques (if 

possible) in order to have the best possible result (Di Fiore and Chianese, 2008). For 

example, if we need to map the thick sequence of clay which overlies the sand that on 

their term is overlying fractured bedrock we have to assume that clay-sand contact doesn’t 

have enough velocity contrast to be detected by the seismic refraction, but the resistivity 

contrast is enough to map it. On the other hand, the fractured bedrock and saturated with 

water possesses the resistivity similar to saturated sand but sufficient velocity contrast to 

be detected using a seismic refraction. Therefore, during the preparatory phase of the 

survey it is necessary to design custom approach depending on the information from the 
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site itself, and on the strengths and weakness of different geophysical techniques in order 

to understand which one to use in order to have most benefits. Today, integrated 

geophysical research have become quite a routine and numerous surveys have been 

performed successfully to test any theory, such as urban centers (De Domenico, et al. 

2006; Di Mano, et al. 2010; Drahor, et al. 2008; Henry, et al. 2014; Negri, et al. 2008; 

Papadopoulos, et al. 2006;  Piro, et al. 2011), architectural remains  (Appel, et al. 1997; 

Keay, et al. 2009; Sarris, et al.2002), for topographic distortion correction (Kara, et al. 

2014), investigation of soils and sediments (Dalan and Bevan, 2002; Pellicer and Gibson, 

2011; ), spatial distribution (Safi, et al. 2011), tombs and funeral constructions (Nuzzo, et 

al. 2009; Piro and Gabrielli, 2009; Papadopoulos, et al. 2011), underwater archaeological 

sites (Bates, et al., 2011; Bates and Nayling, 2013), to define research objectives 

(Kwamme, 2001; Horsley, et al. 2014), etc.  

Archaeologists have been attracted to geophysics not only to recover buried features, 

but also to place subsurface information from standards excavations. Most important, 

applied geophysics can give a lot of information about the near surface in a completely 

non-destructive way, allowing large areas to be studied efficiently, accurately and fast, 

while preserving and protecting them at the same time (Kvamme, 2003). Cultural recourse 

managers have also grasped rapidly the power of geophysical methods to discover and 

map sites for selective excavation, producing greater economy of time and resources.  

Geophysical surveys not only can identify buried features for possible future excavation, 

but can also interpolate between the excavations, projecting archaeological knowledge 

into areas that have not yet been or may never be excavated (Cambi, 2005).   

Recently and especially in north American school of archeogeophysics, there are 

efforts to move forward and use geophysical studies not exclusively as prospection tool, 

but also as interpretational tool and to understand the function and archaeological potential 

of the site, spatial distribution of features present at the site  (Burks and Cook, 2011; 

Horsley, et al. 2014; Thompson, et al. 2011). Followers of this school of thought argue that 

geophysical techniques not can only locate and allow recovery of archaeological features 

for identification and dating, but can go further allowing to prospect for new and 

appropriate archaeological and anthropological research questions. Such an approach is 

clearly realized when geophysical and traditional archaeologists work together to define 

new strategies and flexible research designs in order to allow the methodologies to adapt 

to the given site, the results and question being posed.  
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1.2 THREE-DIMENSIONAL MODELLING FOR ARCHAEOLOGY 

AND CULTURAL HERITAGE 

Implementation of 3D documentation technologies in archaeology and cultural 

heritage has greatly accelerated in last decade and become ever more common in 

archaeological practice. The application of these techniques has changed forever the way 

to approach archaeological survey proving to be a powerful tool for the documentation and 

preservation of archaeological record (Ch’ng, 2009; Galeazzi, 2014, 2015; Guidi et al. 

2010; Pavlidis et al. 2006). The greatest advantage of the 3D documentation technologies 

is the same as for the geophysical techniques, and that is absolute non-invasivity. 

Archaeological excavation is by its nature a guided destruction of heritage itself, especially 

when there are no solid material structures, or no preservation measures are taken. The 

destruction of the site without best possible data recording, renders the reproduction of the 

data and future scientific interpretation potentially difficult. Portable material culture finds 

are usually the only surviving original data – source, but extracted from its original context 

and the need to prevent any loss of information, is more urgent today than ever. In big part 

of Europe archaeological research has undergone many changes (Kristiansen, 2009), 

caused by growing number of two-dimensional data due to increasing number of rescue 

excavations on terrains potentially threatened by infrastructure works. Archaeological 

practice and evaluation are slowly changing in order to cope with modern day challenges 

such as economic and social parameters, restraints of time and money, technical evolution 

and public awareness (Bruno et al., 2010; Styliani, et al., 2009).  

However, the recording of Cultural Heritage addresses not only the problem of 

three-dimensional digitization of the given object/monument, but all aspects of new 

management, representation and reproduction which all have their own demands for 

advanced algorithms, new hardware and more sophisticated implementation. Due to the 

complexity of the task, there are different methods and technologies than depending on 

the research aim can address successfully a particular type of an object or monument or to 

fulfill demands and needs of specific digital recording project, such as digitization for 

archiving or presentation (Ramondino and Campana, 2007) (Figure 1.2). 
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Figure 1.2 Complete recording of cultural heritage (after Pavlidis et al., 2007).  

 The identification of a method most suitable for the survey and its applicability 

depends on different parameters, such as size and shape, morphological complexity, 

user’s previous experience, available budget and diversity of raw materials (Lambers and 

Remondino, 2007). The whole process of three-dimensional digitizing for Cultural Heritage 

consists mainly of three phases (Pavlidis et al. 2007): 

1. Preparation, which involves also the choice of most adequate method for a given 

site or object, security planning, logistics, etc.; 

2. Digital recording; 

3. Data processing, which includes modelling of the digitized objects through the 

unification of partial scans, geometric data processing, texture mapping, etc.;       

 

Figure 1.3 Three-dimensional acquisition systems for object measurements using non-contact methods 

based on light waves (after Remondino and El-Hakim, 2006).  
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The most general classification of 3D objects measurements and reconstruction 

techniques can be divide in contact methods and non – contact methods, and nowdays the 

generation of 3D models is achieved using non – contact methods based on light waves, 

in particular active and passive sensors (Figure 1.3). Active sensors directly provide range 

data containing the 3D coordinates necessary for the generation of mesh, while passive 

sensors need further processing in derive the 3D object coordinates. Afterwards, the data 

have to be structured and a consistent polygonal surface is created to built a realistic 

representation of the modelled scene. Considering active and passive sensors, four 

alternative methods for object and scene modelling can be distinguished (Remondino and 

El-Hakim, 2006): 

1. Image-based rendering (IBR) – It creates novel views of 3D environments directly 

from input images. In the absence of geometric data, it requires a large number of 

closely placed images to succeed. Object occlusions and discontinuities, especially 

in large scale can affect the output and therefore the IBR method is used only for 

applications with limited visualisation 

2. Image-based modelling (IBM) – Widely used for geometric surfaces of architectural 

objects. These methods (including photogrammetry) use 2D image measurements 

to recover 3D object information through mathematical model or they obtain 3D 

data using methods such as shape from shading, shape from texture, shape from 

contour and shape from 2D edge. Passive image-based methods acquire 3D 

measurements from multiple views although techniques to acquire three 

dimensions from a single image is also necessary. Sensors are portable and often 

low-cost. 

3. Range-based modelling (RBM) – It is based on active sensors and can provide a 

highly detailed and accurate representation of most shapes. The sensors rely on 

artificial lights or pattern projections. Nowadays, many commercial solutions are 

available (Leica, Breuckmann, etc.), based on triangulation (with laser light or strip 

projection), time-of-flight, continuous wave, interferometry or reflectivity measuring 

principles. These sensors are still expensive, designed for specific applications and 

sensitive to reflective surfaces. Most systems record 3D geometry providing only 

monochrome intensity value, while others acquire color information for each pixel.  
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4. Combination of image and range-based modelling – Integration of different 

techniques in order to have more complete and detailed model. Usually the basic 

shapes, such as planar surfaces, are determined by image-based method, while the 

fine details employ range sensors. 

Three- dimensional sensors are the instruments that consent a 3D image of the given 

object/feature and can be divided to passive and active. The resulting image can be the 

model of the surface or of entire volume closed by the surface. 

 Passive sensors are capable to extract through optical and optoelectronic systems, 

geometric information. The example of passive sensors can be found in topography, which 

study the methods and instruments for the representation of the limited portion of the 

terrain. The topographic method implements a 3D orthogonal coordinate system by using 

high-accuracy measuring devices, such as Geodesic Station, a system for measuring 

angles and distances of characteristic points on the surface of the object, which are further 

transformed to coordinates in reference to the initial orthogonal system. The advantage of 

this system is high accuracy, possibility to retrieve data even in non favorable conditions 

(complex shape) and relatively simple data processing, while the disadvantage is long 

acquisition times. 

Photogrammetry is the typical passive method based on angular measures, in 

which the measuring instrument is replaced with digital camera and the measurement are 

done by identifying characteristic elements on two or more images of the same object, 

photographed from different angles. Photogrammetry is largely applied to wide range of 

fields from aerial photography, which is implemented in the realization of cartographic 

surveys, and close range photogrammetry, which is used for the survey of almost any 

object of any size.  

 The invention of laser in 1950s has permitted the creation of active sensors which 

incremented the possibility to acquire the forms directly. The light which falls on the object 

to measure, assumes a priori definite structure recognized by the sensor. For this kind of 

sensors, the light source is integrated in sensor itself and illumination is synchronized with 

the phase of acquisition. Laser scanner is an active system based on distance measured 

by the time  
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Figure 1.4 Non-contact measuring methods (after Luhmann et al. 2006). 

necessary for the ray of light, which parts from the sensor, to arrive to the object, reflect 

and turn back to the sensor (time-of-flight-measurement). In this case, the role of the light 

is functional to the collection of the acquired data. Major advantage of the systems with 

controlled light source, is the possibility to have an automated process of data acquisition 

accumulating in few seconds thousands of points.  

 Optical methods using light as the information carrier lie at the heart of non-contact 

3D measurement techniques (Figure 1.4).  Nevertheless there is variety of techniques 

available, there are multi-sensors and hybrid measurement systems which can combine 

the advantages of each.  

 

1.3 CAVES AND ROCKSHELTERS 

 Much of what we know today about the Paleolithic of the Mediterranean region and 

adjacent regions is derived from archaeological deposits preserved in caves and 

rockshelters. Other than being a “protected” environment readily available in the landscape 

and attractive to use and live in, caves also constitute an incredible depositional 

environments which carry information about human activities and behavior and for the 

reconstruction of paleoambiental changes (Goldbergh and Macphail 2009). The rapidity of 

vegetation and geomorphological changes evident in these records has implications for 

local and regional biome and landscape dynamics and poses new challenges for our 

understanding of the archaeological record of Paleolithic hunter–gatherers (Woodward and 

Goldberg, 2001). They are occupied synchronously or serially, by different species 

including the microoganisms and are recognized as dense taphonomic challenges that 
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yield data on sequence and environments only to critical, disciplined analysis (Dincauze, 

2006). 

Caves and rockshelters are distinguished after the difference in form and the types 

of depositional processes that are recorded. Rockshelters are usually wider and have an 

overhang produced by differential weathering of the bedrock in which fine-grained 

sediments are weathered more intensely that compact ones and are more exposed to the 

atmospheric weathering processes and more subjected to the pedological post-

depositional processes typical for open-air sites. As one proceeds farther into the cave, the 

effects of climate and sedimentation diminish.  This process is very similar to the passive 

karst settings in which original karst processes (solution/dissolution, dripping, etc.) are 

reduced (Woodward and Goldberg, 2001). Rockshelter floors have a characteristic 

microrelief, dominated by a linear pile of sediment at the “dripline” directly below the 

overhanging cliff edge, which directs fallen water outside or inside the shelter. Large rock 

fragments falling off the cliff usually form a talus pile outside the dripline (Figure 1.5).  

 

Figure 1.5 Cross-section of a rockshelter, showing retreating cliff face, overhang, dripline, roof-fall, 

talus (after Dincauze, 2006). 

 

Rock fragment falling off the roof and walls finish inside the shelter and create a 

topographic relief (Dincauze, 2006). Human activity has been usually recorded in the 

shelter area, between the dripline and wall where they are protected from precipitations 
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and wind and have a lot of sunlight. The dripline divides not only the sedimentary 

environments, but also the microclimates. Deeper shelters and one in arid environments 

can stay dry all year long, making them comfortable living space and with good 

preservation of organic debris. Orientation is also very important due to the amount of the 

sunlight that shelter receives and shelters facing Sun were used much more than the ones 

in shade.  

Caves, on the other hand, are larger features often with the network of channels 

and galleries that can extend for kilometers in length and depth formed by the action of 

groundwater. When faulting and/or erosion transect a cave, it can be exposed, usually 

along a steep bedrock slope in a valley. Once the cave opening is revealed, sediment can 

enter by wind activity, or from streams that flow in front of the cave. Behind the entrance, 

aeolian and cultural sources of sediment diminish with depth, temperature stabilizes and 

sunlight disappears. Behind the reach of the daylight, humans were rarely used by 

humans except for ritual purposes or exploration trips. These parts of the caves have been 

exploited much more by the animals, such as cave bear or hyena who used them for 

hibernation or as a den. Stable interior environments of the caves have encouraged very 

good preservation of organic material (bone, coprolites, plant material, etc.) both dry and 

damp. External environments are usually rapresented by the aeolian material, drainage 

into fissure, slope wash and colluvium deposited at cave mouth, while in dryer parts are 

concentrated hearts and other areas of cultural deposits created by humans.  

Overwhelming majority of the caves is formed by the dissolution of carbonate rocks 

(limestone and dolomite), but they can be also found in variety of geomorphological 

settings which are of great importance for the control of the nature and variety of 

sediments deposited and their rate of accumulation. The internal karst drainage network 

and the way on which water, solute and sediment inputs are passing through walls can 

describe a site as Active or Passive Karst Settings and this will further influence sediment 

and solute sources, depositional mechanisms and the nature and extend of any post-

depositional modifications.  

It is important to notice that not all sites will exactly fit in one of the settings and that 

sites can shift between the two. Also, sediments in caves and rockshelters do not support 

soil development comparable to that on outside. The hydrology of a site and the nature of 

the sediment – water interactions over time can have influence not only on the post-

depositional processes, but also to the state of the preservation of the archaeological 
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remains (Dincauze, 2006). The geological deposits found in caves include both 

endogenous and exogenous sediments (Figure 1.6). Because the caves are more 

shielded from exterior climatic conditions, their sediment contains more endogenous 

materials that the rockshelters. The endogenous sediments are one originating from the 

“inside” of the cave including clastic sediment, weathering detritus, fluvial deposits 

originating from the karst drainage system biogenic debris and chemical sediments 

(stalagmites, stalactites, crusts, tufas/travertines, evaporates, ice, residual materials such 

as clays, silicas and metal compounds).  

 

Figure 1.6 Schematic representation of the types of processes operating in a karstic cave 

environment. Physical and chemical inputs and oututs are indicated, as well as transformations, such as 

precipitation and dissolution (after Goldberg and Macphail, 2009). 

 

The exogenous sediments are ones from “outside” the cave including entrance 

talus, fluvial, aeolian and glacial debris, biogenic debris and anthropogenic deposits 

(bones, shells, wood/charcoal, ash, transported soil/sediment, etc.). Weathering is the 

force that shapes the caves and rockshelters, it enlarge them and fill with sediments. 

There are two types of weathering that produce sediment: chemical and physical (Table 

1.2).  
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Table 1.2 A sampling of syn- and postdepostional processes and agents acting in prehistoric caves 
(after Goldebrg and Macphail 2009). 

 

Physical weathering refers to breaking and spalling of rock from cave roof and walls 

most intense during periods of cold climate when freeze-thaw action is at its highest. When 

the water trapped inside the cracks inside the rock freezes, it expands about 9% and 

causes parts of the rock to crack and break off. The importance of freeze-thaw action is 

first acknoweldged by Laville et al. (1980) according to which an extended period of 

freezing produces large, angular rock fragments, while the less extreme diurnal freeze-

thaw cycles produce smaller fragments. Many of the Paleolithic sites has been 

characterized by the accumulation of this angular debris termed eboulis (French dry).The 

general rule states that the presence of medium and large eboulis pieces is the indicator of 

cold – arid climate, and can be only a starting point for the paleoenvironmental 

reconstruction of the given archaeological context and not a universal rule.          

 Chemical weathering includes processes such as dissolution of various minerals in 

the sediments and oxidation of organic mater which and is more common in caves that 

rockshelters. The most common process is dissolution of limestone walls and roof, which 

occurs in the form of stalactite, stalagmite or other ornamental forms. Massive 

accumulations of calcium carbonate are usually knows as travertine (flowstone) and are 

usually the indication of warmer and humid phase. Clay which is the component of the 

limestone, is often released during the chemical weathering, and in the instances where 

the detrital components are low (clay and silt) these carbonate accumulations can be 

dated with Uranium series methods (Bischoff et al. 1992; Schwarcz and Rink, 2001; Rink, 

2001).  
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Carbonate charged water dripping on detrital sediment can lead to the total 

impregnation and cementation of the underlying deposits resulting in hard concreted 

masses commonly called breccias or cave breccia and are especially common in 

Mediterranean region (Courty and Vallverdu, 2001; Woodward and Goldberg, 2001). 

Animal and human bones and other organic material is usually well preserved in breccias 

and serve as a valuable stores of environmental and cultural information. Dissolution of 

calcium carbonate can be cause by a number of factors among which acid conditions, 

decay of organic mater and carbonic acid derived from carbon dioxide dissolved in water 

as it passes through the soil (Golberg and Macphail, 2009). The geochemistry behind this 

processes is complicated and investigations to completely understand all major processes 

and conditions operating inside the cave and how they can alter cave deposits, are still 

underway (Schiegl et al. 1996; Karkanas et al. 2000; Weiner at al.2002). 

Biogenic inputs in caves are signified by the presence of denning activities by 

carnivores and omnivores, burrowing activities, bat and bird guano and anthropogenic and 

natural accumulations of the vegetation material (wood, seeds, roots, grass) growing at the 

cave entrance or brought inside for different activities such as to make fire, bedding, 

shelter or nesting.  Flint tools, fireplaces, hearts, butchered animal bones, plant material 

and in exeptional cases human remains together can contribute to the creation of the 

stratigraphic sequences enriching the deposit also with paleobotanical and paleozoolgical 

material necessary for the correct paleoambiental reconstruction (Cremaschi, 2000).  

The sedimentary records in caves and rockshelters are commonly the product of 

different variables and results of different geomorphological and anthropogenic processes 

and fine sediment deposition (Woodward and Goldberg, 2001):  

• Infiltration – The sediments are derived from soils and sediments washed into the 

cavity of from fine sands, silts and clays flushed through joint spaces, enlarged 

bedding and cracks in the limestone bedrock. 

• Colluvial processes – May include a range of sediment transfer mechanisms 

including periglacial processes, mass movements and slope wash and may overlap 

with infiltration processes.  

• Eolian processes – Process in which sands, silts and clays are transported and 

deposited within the cavities by wind activity and can originate from close or distant 

sources.  
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• Fluvial processes – Processes in which suspended load and bed load sediments 

can be deposited within caves and rockshelters and the rate of sedimentation will 

depend on the magnitude of flood events and the local geomorphological setting. 

Fine sediments are usually deposited by fluvial processes in active karst settings, 

when sediment – laden flows deposit the material from the internal karst system 

towards the entrance and inside cave channels.  

• Littoral zone processes – Refer to coastal, estuarine and lakes shore environments 

with long or short term fluctuations in water lever which can flood the caves and 

rockshelters producing sequences of marine and lacustrine sediments which may 

integrate with aeolian and colluvial sediments. These sediments often provide 

favorable conditions of preservation and rich record of human behavior and 

environmental context. However, the conditions can vary and depend from 

particular basin environment (Pop et al. 2015). 

• Human activity – The resulting traces of human activity are various may include fine 

alluvial sediments introduced inside the cavity with wet carcasses, waste products 

of flint and bone manufacture, plant remains, coloring substances and remains of 

hearts and fireplaces. In some sites human imports and debris have significantly 

increased the sedimentation rate resulting in impressive stratigraphy sections 

couple meters high.  

No matter the processes involved there can always be gaps in sedimentary record, 

unusual accumulation variations, in situ alternation by ground water and other problem 

areas thus making the correlation and interpretation challenging (Ellwood et al., 2001). The 

interpretative phase involves sorting out different processes that contributed to the 

sediment accumulation (geogenic, biogenic and antrhropogenic) in order to identify and 

investigate not only sedimentation processes and environments, but also cultural record 

and cultural activities (Farrand, 2001; Waters and Kuehn, 1996).  

 In past, cave strata were confidently interpreted as climate proxies, but with regional 

climate scale, so imperfectly represented in the caves, the potential to pursue this kind of 

analysis has been reduced. The standard research method will require greatest attention 

to the structure and stratification of deposits in the field, followed by the detailed 

micromorphological analysis of thin sections.  
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1.4 STRATIGRAPHY 

In strictly archaeological terms stratigraphy can be described as a composite of 

geological and human accumulations that have been modified after their natural deposition 

by natural soil forming processes or by human activities such as knapping, cooking, 

digging or trampling. In order to perform an accurate and precise archaeological research 

it is necessary to take into account all of these processes and be able to record them in a 

systematic way which can portray the information objectively and enable others to interpret 

them in their own way (Golberg and Macphail, 2009). The major breakthrough for the 

archaeological stratigraphy was a pioneering work of Mortimer Wheeler and his student 

Kathleen Kenyon in England and Israel, who gave notions that became backbone of 

Wheeler-Kenyon system. According to this system, that stratification must include features 

like pits, ditches and other types of interfaces, which were no strata or layers in the strict 

sense. Wheeler and Kenyon provided two essential ideas to the theory of archaeological 

stratigraphy: the value of the interface and the numbering of layers with the understanding 

that such enumeration allows artefacts to be given a systematic provenance (Harris, 

1989). 

In purely geological terms, the stratigraphy tends to viewed more on a regional scale 

with encompasses on physical characteristics of sediments that create a geological 

column with worldwide validity or the spatial relationships of rocks over geographical 

areas.  Archaeological stratigraphy, on the other hand, functions on a much smaller, local 

(site) scale and its immediate surroundings where the human interference can raise the 

overall complexity not encountered in natural sites (Cremaschi, 2000).  

According to Kelly and Thomas (2010) interpretative aspect also should be included 

since stratigraphy doesn’t exist for itself and is recognized subjectively depending on the 

background and personal experience of the scientist (archaeologist, geoarchaeologist, 

archeozoolgist, paleobotanist, geologist, geographer, etc.) resulting in different 

stratigraphic sequences for the same stratigraphic profile (Figure 1.7).  

 

  



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

18	  

 

Figure 1.7 Hypothetical triptych illustrating the complexities involved in archaeological deposit. Shown 

here is the same profile as viewed from the eyes of the geologist (lithostratigrapher), pedologist (soil 

stratigrapher) and archaeologist. In the first panel, lithostratigraphy is presented on the basis of the 

characteristics of the deposit, such as composition, texture and bedding. The second panel, illustrated 

division of the profile on the basis of soil formation events. The third panel depicts the archaeological 

materials it contains, such as artifacts, features or architecture together with combined effects of depositional 

and post-depostional processes (after Goldberg and Macphail, 2009).  

 

In geoarchaeological terms, stratigraphy is perceived more on a geomorphologic 

scale and according to Waters (1992), is the study of spatial and temporal relationships 

between sediments and soils created because depositional environments are dynamic and 

constantly changing. In his opinion, geoarchaeology has two objectives, first to place sites 

and artifacts in a “relative and absolute temporal context through application of 

stratigraphic principles and absolute dating techniques” and second to understand the 

natural processes of the site formation which including human and natural actions that 

together create an archaeological site. These processes can be extended/correlated with 

other sites/cultures and regions creating a broader frame (Pollard, 1999). Having in mind 

the task that geoarchaeologists have to face, it become clear that archaeology needs 

geologists who are not trained only in geomorphology, but ones which can understand the 

geology applied specifically to archaeological sites and which is usually alien to 

traditionally trained ones (Canti, 2001; Harris and Brown, 1993). Geological and 

archaeological stratigraphy share a same common foundation known also as the law of 

superposition which says that in any pile of sedimentary rocks undisturbed by folding or 
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overturning, the strata on the bottom are deposited first, those above second, etc. (Kelly 

and Thomas, 2010).  

 In geology, stratigraphic units are usually divided in two major groups on the basis 

of time (geochronology, polarity chronologic) or physical characteristics (lithostratigraphic, 

biostratigraphic, magnetopolarity, pedostratigraphic, allostratigraphic). Lithostratigraphic 

unit is the most important to the majority of archaeological situations and is denoted on the 

basis of physical characteristic such as color, texture, composition, and thickness, upper 

and lower boundaries. In regional scale geological context, the primary stratigraphic unit is 

formation, which can be combined into a group of two or more formations. The smallest 

unit of a lithostratigraphic unit is called bed and is lithologically different from the one 

above and under it. In archaeology, in a cave, a common type of the lithostratiraphical unit 

would be a layer of rock fall mixed with clay. Biostratigraphic unit are denoted on the basis 

of the fossil record (animals and plants) including their appearance, disappearance and 

quantity. The fossil record is of extreme importance for the chronological frame and 

palaeoenvironmental reconstruction. Magnetopolarity is the possibility of the given 

sediment to preserve magnetic properties that differ from those above and bellow. Major 

polarity periods (chrons) exist in order of million years, whereas short-term polarity events 

take place to the order of 104 – 105 years (Goldberg and Macphail, 2009). 

Pedostratigraphic units are whole or part of a buried soil, which exhibits one or more soil 

horizon, preserved in a rock or sediment over the broader area. These units reflect 

relatively short periods of geological times, but are important as markers for relative 

chronology and have palaeoenvironmental significance. Allostratigraphic units are rock or 

sediment bodies found underlying or overlying temporal discontinuities (for example 

alluvial episodes) and can be traced over larger area. Geocronological units are defined 

solely on the basis of the time interval, which they encompass, and as such does not 

represent specific rock but more division of time. They can also contain a mixture of 

different lithologies and fossils.  

 The recent emergence and application of Earth Science techniques, such as 

elemental analysis, to detect isotopes, biomarkers, trace and ultra trace metals, in 

combination with long established techniques like magnetic susceptibility and 

micromorphology, can allow fascinating insights into the analysis of soils at archaeological 

sites. Soil studies can reveal how humans in prehistory used the landscape and defined 
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space through their activities (Benedetti et al., 2011; Holliday, 2004; Macphail and Cruise, 

2001; Rolfe and Arthur Bettis III, 2001; Walkington, 2010). 

 And while this division is functioning well in Earth Sciences, in archaeology the 

sedimentary dynamics is not always straightforward since the causes are mostly 

anthropogenic and not geogenic (Scudder et al., 1996). In order to address better the 

situation at the archaeological sites the concept of microfacies has been developed 

(Courty and Vallverdu, 2001). In geology facies represent the lithological bodies that 

accumulate various rocks/sediments of different composition accumulated within different 

depositional environments. In geoarchaeology, term facies is used both at regional and 

local scales. At a regional level isolation of different facies enables detection of different 

parts of former landscape and links up with question, such as site location, erosion and 

resource availability. At the site specific level, where individual deposits is concerned term 

micro-facies has been developed and it involves the recognition of a facies at the 

microscopic level (Courty, 2001). In archaeology, the use of micro-facies is of upmost 

significance for correct description of formation of archaeological deposit, specific activities 

of inhabitants (cooking area, storage area, fireplace, etc.) and integrity of archaeological 

record (Courty, 2001; Schiffer, 1972, 1983; Stein, 2001). Different facies are connected 

between them on the basis of lithological, palaeontologic or chronological grounds, 

therefore lithocorrelation, biocorrelation and chronocorrelation. The problem of correct 

correlation between different facies arise even more during the investigation of 

archaeological sites with rather complicated stratigraphy, such as cave sites, where the 

layers extend for over shorter distances often disturbed by animal (such as burrowing) or 

human activity (Butzer, 2011; Fowler et al.2004). The main concerns are how to organize 

all the data (features, stratigraphic units, etc.) and correlate them across the space (site). 

One of the most appreciated techniques today in use is Harris Matrix created by 

E.C.Harris (1989, http://harrismatrix.com) which is based on the diagram form that permits 

to visualize the stratigraphic relationships among strategic units and features as the 

standard drawing two-dimensional representation of the section. To graphically represent 

the relation between single stratigraphic unit, Harris elaborated matrix to record 

relationships of superposition, correlation and similarity between various stratigraphy units 

identified in an archaeological site (Figure 1.8).  
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Figure 1.8 Graphical representation of Harris matrix (after Cremaschi, 2000). 

 

The diagram follows the law of superposition and starts with most recent units and 

goes downwards toward more ancient ones. According to Harris, the accumulation 

processes that generate positive units and erosion processes that generate negative units 

determine stratification. The main force behind these processes are above all humans with 

their construction or destruction activities, even if similar deposits can generate also due to 

the natural causes, such as erosion, collapse of permanent structures etc. Resulting 

archaeological sequence is combination of layers created due to sedimentation and 

interfaces, which delimit the layers. Layers and interfaces together create a sequence, but 

nevertheless they have to be investigated separately since sometimes interfaces can be 

result of the destruction of the layers and not of their deposition. An interface has more 

intuitive meaning and can be the area of the surface of a deposit, a face of a wall or 

surface of the layer itself (Harris and Brown, 1993). For example, if the interface is the 

upper limit of a given layer and coincides with the layer itself, it does not have to 

investigate separately and can be considered as the part of the layer. On the other hand, if 

the interface is the result of a destruction of a given layer, it acquires all the characteristics 

of a layer on its own terms (Cremaschi, 2000). The major point of force of this technique is 

the possibility to represent the whole stratigraphic sequence of an archaeological site in a 

single diagram. Once the stratigraphic sequence has been finished, it can sub-divide to 
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phases and periods adding this type of analysis to the one relative to the findings to 

determine relative chronology of the individual events. 

The system created by Harris, revolutionized archaeological thought and 

methodology by inviting archaeologist to account for every defined context in spatial and 

chronological relation to its neighbors even if the stranding section is still the principal 

mean of displaying stratigraphic data. During the years Harris Matrix created both 

followers and adversaries who criticized the method pointing out that Harris procedure 

does not take into account formation processes and over simplifies the stratigraphic 

sequence, which is based rather on personal interpretation of the archaeologist than on 

actual analysis in the laboratory. However, it has to be underlined that the idea of Harris is 

much simpler and it is rather the tool for easier coordination during the excavation and 

goes together with the excavation diary, photographs, drawings and other documents 

relative to the standard excavation documentation.  

 

1.5 RESEARCH AIMS AND ORGANISATION  

 The implementation of geophysical techniques for the investigation of early 

prehistoric sites, for many years has been something that most geophysicists tended to 

avoid. The nature of archaeological remains on these sites severely limits the use of 

geophysical techniques and makes the interpretation of geophysical data even more 

challenging. The features found on prehistoric sites are often classified as “negative” 

archaeology, meaning that the features are rather “cut” into the subsoil or earlier deposits, 

meaning that there is little that geophysics can detect. However, it is still possible to 

illustrate the use of geophysical techniques on prehistoric sites with reference to the nature 

of sedimentary infill, underground channels, voids and eventual burials. In this sense, the 

caves and rock shelters are especially adequate for this kind of investigation (Beck and 

Weinstein-Evron, 1997; Chamberlain et al., 2000; Compare et al., 2009; Jrad, et al., 2013; 

Orlando, 2013; Ortega et al., 2010; Pringle et al., 2002; Thacker and Ellwood, 2002; Valois 

et al., 2010).  

 The implementation of mass capture techniques, such as terrestrial laser scanner 

and digital photogrammetry, on cave sites became increasingly popular during the last 15 

years due to the speed of data acquisition and the high resolution models that can 
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overcome many shortcoming of the traditional archaeological documentation methods 

such as drawings or orthogonal photos which can offer misleading information especially 

when the sedimentation is not horizontal (Amparo Nunez et al., 2013; Lerma et al.,2000; 

Robson Brown et al., 2001; Ruther et al., 2009). Also, they usually represent only a part of 

the site on the difference from nowadays infographical techniques, which allow to go step 

further and recreate the excavation even once it was finished (Garcia Puchol et al., 2013). 

Taking into account the potential benefits of the two techniques in question, it comes 

strainforward that a proper combination of both will give better textured 3D models and 

able to complete more easily complex shapes. This is especially true when the 

characteristics of the study area are complex and with large dimensions. 

 In the present work, the proposed methodology is intended to achieve the following 

objectives:  

• Execution of a high resolution geoelectrical resistivity survey to investigate 

shallower part of the deposit and to offer more insight on its probable thickness;  

• Implementation of surface seismic waves in order to gather the information about 

the geometry of the sedimentary infill, the position of the mother rock and to 

evaluate the method’s applicability in the field of archaeology; 

• To map the area of the greatest archaeological interest and to identify possible 

presence of voids and channels not yet discovered; 

• To document the present condition of the cave walls, archaeological surfaces and 

stratigraphy sequences, by creating a high precision three-dimensional geometric 

database, to include colour parameters of the morphology and visual aspect of the 

cave and deposit; 

• Creation of detailed models of the complicated geometric shapes that are difficult to 

access and surfaces, applied in further archaeological data collection, investigation, 

interpretation and archiving of the site; 

• Possibility to visualise the site with greater efficiency and to correlate faster and 

more realistically the modelled elements for the eventual future virtual 

reconstructions; 

• Creation of the models that enable to extract spatial information from any type of 

image.  
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 The thesis has been designed to describe all the steps, starting with the introductory 

facts, moving towards the description of basic methodological information, results and 

closing discussion.  

 The second and third chapter have as a goal to explain the theory and methodology 

behind the geophysical and infographical techniques for the archaeology and cultural 

heritage and their advantages and importance to the study of archaeological sites. After 

the basic principles have been explained, major importance is given to the techniques 

implemented during this work and their advantages. The intention was also to present a 

simplified explanation of methods, easily understood also by the readers that not 

necessarily have previous knowledge about the subject, but have interest to know how 

they function and how they can be implemented.  

 The fourth chapter describes the case study site, Fumane cave, and its history of 

research, archaeological and geological background and detailed, granulometric 

description of the stratigraphic sequence. The chapter also contains the detailed 

description of the survey organisation and the passages concerning the data treatment 

and processing.  

 The fifth chapter offers the description of geophysical and infographical surveys and 

gives the first glance on the three-dimensional models and their importance. It explains 

how the integrated model can be employed in the better understanding of the buried 

topography and for the further archaeological investigation. The discussion and conclusion 

will offer some closing concepts, the perspectives of the HVSR technique for the 

exploration on early prehistoric sites and importance of three-dimensional techniques of 

surveying for the documentation, preservation and presentation of the cultural heritage.  

 The glossary of some of the most important terms and their meaning in the context 

of this study has been provided in the Appendix I.  
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CHAPTER 2: THEORY AND METHODOLOGY I 

 

 

2.1 RESISTIVITY METHOD 

 2.1.1  Basic resistivity 

In electrical resistivity methods, (ER), low-frequency alternating current is applied at 

the ground surface, and the potential difference is measured between two points. Most 

earth materials conduct currents according to the mineralogic makeup and water content.  

Resistance is highest in insulators like glass, and lowest in conductors like metals (Herz 

and Harrison, 1998; Garrison 2003). Variations in resistance to current flow at depth cause 

distinctive variations to the potential difference measurements, which provide information 

on subsurface structure and materials (Cambi 2005; Burger et al. 2006; Reynolds, 1997). 

By mapping the zones of high and low resistance it is possible to identify the buried 

features and plot to on the map. This is very simplified explanation, since many factors has 

to be taken into account before and after the acquisition of data in the field and during the 

data processing. Meters used in practical situations measure resistance rather than 

resistivity, since resistance is probe geometry dependent. There are the whole spectra of 

factors that can affect the resistance data mostly because of water present in the soil 

(Aitken, 1974). Hard compact rocks, such as granite, are poor conductors, while the more 

porous limestone is much better, though still poor in comparison with soil and clay. The 

response can vary with the season so much, that for example, during the winter there may 

be not any contrast between a ditch and the surrounding soil. Other difficulty may arise if 

the ditch is too large by comparison to the probe separation, than the response could be 

reversed, giving the high resistance response. (Gaffney and Gater 2010). In the cases 
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when the water is pudding at the top of an impermeable surface, as for example the 

building, the response can also be completely opposite to the expected one. Sometimes 

this can be the result of the size of the feature with respect to the volume of the earth, but 

more likely it will be due to the lack of moisture contrast between the feature and the 

surrounding soil. The variation in moisture content can change rapidly even during the 

same day over a small area, which makes the interpretation of resistance data challenging 

(Di Maio et al., 2010). 

The method draws on the ability of soil to pass induced electric current through it, 

which is directly related to the chemical and physical characteristics of the soil, in other 

words, related to the interstitial water and various salts that may be present. If a high 

resistance feature lies buried in soil of uniform resistivity, much of the current will be forced 

to flow around it, finding longer and easier paths and upsetting the regular pattern, which 

decreases the current density near the feature and increases the potential gradient. The 

current flowing through the soil is in proportion to the potential difference, or voltage, that is 

used (Figure 2.1).  

 

 

Figure 2.1 (A) Basic definition of resistivity across a homogenous block of side length L, with an applied current I and      

potential drop between opposite faces of V. (B) The electrical circuit equivalent, where R is a resistor (after Reynolds, 

1997). 

This relationship called Ohm’s Law is the absolute basic of all electrical resistivity 

methods. The resistance (R) is established measuring the current (I) flowing through the 

body of material ad monitoring the change in voltage (V) across the material:  
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R=V/I         (2.1) 

The unit of current is amperes or amps, while the voltage is measured in volts. The 

resistance is expressed in ohms (Ω).  

The resistance is the bulk of measurements to the whole of the material through the 

current are passing, which is both the intrinsic properties of the material and its amount. 

Generally, the more informative property is resistivity (ρ). Meters used in practical 

situations measure resistance rather than resistivity, since resistance is probe-geometry 

dependent, and for applications involving gridded area survey resistance is acceptable. On 

the other hand, where modeling or comparisons between different probe arrays are 

applied, resistivity should be computed.  

In order to measure the resistivity of the earth, a current is made to pass between 

two electrodes inserted into the ground and therefore termed “current electrodes”. The real 

function of current electrodes is to set up a field of potential gradient in the ground, which 

is sampled by the potential electrodes. Alternating current (AC) is preferred to the direct 

current (DC) in order to avoid polarization voltages around the probes by electrolytic 

action. Modern resistance meters maintain a constant value for the current, which means 

that the instrument can read resistance directly as it is proportional to the voltage. When 

the current is switched off the voltage between the two points does not drop immediately to 

zero, but slowly decreases. A similar effect occurs when the current is switched on, 

suggesting that the flow has electrically polarized the ground. This effect is called induced 

polarization (IP) ad it also reveals information about the subsurface (Burger et al. 2006). 

Because we are working with current flow, potentials and resistance, some basic concepts 

about electricity has to be introduced on example of common battery. The battery contains 

a potential difference between two points, its positive and negative terminal, functioning as 

a power source of moving charges through the circuit, much as a pump moves the water 

through pipes. To accomplish the current flow, the battery has to move positive charges 

from a low potential at the negative end to high potential at the positive end, under the 

applied force. The movement of charges through the conducting wire is termed current 

and defined as directly proportional to charge and inversely proportional to time (t):  

i=q/t        (2.2) 

Where the unit of current is amperes, charge Columbus and time seconds. 
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If a battery supplies 9 volts and the resistor has the value of 10 ohms, using the 

equation for Ohm's Law, the current by the ammeter will be 9 amperes. If resistance is 

increasing, the voltage will have to increase too in order to maintain the same current. 

Because various geological materials have different resistances to current flow, it might 

look straightforward to measure the current and voltage and to calculate the resistance, 

which will define the material in the subsurface. One immediate complication, as noted 

before, is that the response of the material depends not only of the material but its size 

too. Let us take the two resistors with different lengths (l), cross-sectional areas (A) and 

presumably of the same material (Figure 2.2). Remembering that the current flow is the 

movement of charged particles in a given unit of time, we can use the water analogy and 

look at the resistors as an open pipes filled with gravel. A pump creates a pressure 

difference in the pipe, water flows, and the gravel causes the resistance to flow relative to 

the opening of the pipe. If we increase the length of the pipe, the resistance to flow 

increases and the flow rate of water is reduced. If at the other hand, the diameter of the 

pipe is increased, the resistance to flow is reduced and more water flows. This suggests 

that the resistances of the resistors depend on their length and cross-sectional areas 

(diameter) and the property of the material, which is termed resistivity (ρ). Based on this, 

the equation is:  

 

 

Figure 2.2 Two resistors of different lengths l and cross-sectional area A (after Burger at al.2006). 

 

R=ρ · I/A   or   ρ=R · A/l                   (2.3) 

Where the resistivity units are ohm · m (Ω·m).  
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Another very important aspect of the electrical resistivity method is the potential. 

When we apply the current at the electrode, no current flows upward because air has the 

infinite resistivity, but through the earth, it flows equally in all directions to define a 

hemispherical surface called equipotential surfaces (Figure 2.3).  Because the current 

distribution is equal in all directions, the potential is also equal. Assuming a resistivity and 

current, we can map the potential at any point, by drawing lines through the points 

possessing the same potential. Because the current flow has to be perpendicular to the 

equipotential surfaces, the direction of current flow can be determined. When we have two 

electrodes, the current has to flow from the positive current electrode (the source) to the 

current electrode (the sink). In this case, the path of current is not that obvious as before, 

so we have to determine the potential at a point to gain the information about the 

equipotential surfaces and the current flow.  

The potential at point P1 is determined using the equation:  

Vp1 = iρ/2πr1 +  ( iρ/2πr2)           (2.4) 

 

Figure 2.3 Equipotential surfaces and current lines of flow. Labels indicate percentage of total current that 

penetrates to the depth of line (after Burger et al. 2006). 
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Figure 2.4 The principle of geoelectric resistivity measurements  

 

Expressing r1 and r2 in terms of x-z coordinate system, we rewrite the equation as: 

VP1 =  iρ/ 2π{ 1/[(d/2+x)2 + z2]1/2 – 1/[(d/2 – x)2+z2]1/2}          (2.5) 

Once when we make the calculation, we can draw current flow lines perpendicular 

to the equipotential surfaces (Figure 2.4). What we can notice is that greater the electrode 

separation, the greater the depth to which given percentage of current penetrates. While it 

spreads sideways as well as downward, the current sweeps through considerable cross-

section of ground. In electrical resistivity surveying our goal is to measure the potential 

difference between two points just as we often make these measurements in electrical 

circuits. In practice, four electrodes are used, two current probes and two further probes 

that sample the voltage (resistance) between these two points. This is used because the 

current probes have the unknown contact resistance with the earth. Although, the contact 

occur also at the second set of probes, the values are usually considerably smaller and do 

not  affect the reading. By measuring the spacing between the electrodes and determining 

the potential difference we can arrive at a value for the resistivity of the surface materials. 

On the next figure (Figure 2.5), we can see two current electrodes C1 (A) and C2 (B) and 

two potential electrodes P1 (M) and P2 (N)  that are on the surface.  
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Figure 2.5 Diagram used to determine potential difference at two potential electrodes P1 and P2 (after Burger et 

al. 2006). 

Since, we have already derived the equation to determine the potential at a point 

due to a source and a sink, we obtain a potential difference by determining the potential at 

one potential electrode, P1, and subtracting from it the potential at P2.  

Starting from equation 1.4 we write: 

Vp1 = iρ⁄2πr1 - iρ⁄2πr2    and   Vp2 = iρ⁄2πr3 - iρ⁄2πr4              (2.6) 

Therefore, the potential difference ∆V equals: 

∆V = iρ⁄2π (1⁄r1 - 1⁄r2 - 1⁄r3 - 1⁄r4)                   (2.7) 

In the resistivity method current is entered into the ground, potential difference is 

measured and resistivity is determined. Once when subsurface is nonhomogeneous, the 

value determined for the resistivity is unlikely to equal the resistivity of the material in 

which the electrodes are inserted, thus defining a new quantity termed the apparent 

resistivity (ρa). In homogeneous ground apparent resistivity will equal the true resistivity, 

but will normally be a combination of all contributing strata.  

To encounter a homogenous surface, is almost never the case during the real 

surveys where there are many horizontal interfaces or layers which can affect the data.  

But what happens when we have horizontal interfaces that separate the materials with 

different resistivities?. Current flow tends to avoid poor conductor in favor of good 

conductor and we can use water analogy again to explain the phenomenon. If we have a 

homogenous sequence of coarse sand with water flowing through, and we introduce at 

some depth a low permeability layer, less water will flow below that depth than in a 

homogenous case. If the material below the horizontal interface is less resistant to current 
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flow than the material above, more current will penetrate below the interface and the 

current flow lines are more closely spaced (ρ2 > ρ1). However, if we replace the 

homogenous layer with the coarse gravel that has a very high permeability more water will 

flow below the lever of the interface and through the gravel and the current flow lines are 

less closely spaced (ρ2 < ρ1). A substantial percentage of current flows through the 

material above the interface even if the material below the interface possesses very low 

resistivities or is almost perfectly conducting (Figure 2.6). The percentage of current 

penetrating below an interface is controlled by the relative magnitudes of ρ2   and ρ1, as 

well as by probe separation, and this relationship plays a great roll in data acquisition. 

 

Figure 2.6 Qualitative distribution of current flow lines when a horizontal interface separates the materials of 

differing resistivities (after Burger et al.2006). 
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 2.1.2  Electrode configurations  

The electrodes have a very small contact area and compared with metal, the soil is 

a poor conductor, especially near the surface where it tends to be relatively dry. In 

combination, these effects create much higher resistance immediately around the probes 

than is encountered by the current in the deeper ground that one wants to measure. 

Variations in this high resistance are inevitable, especially where there are the difficulties 

in inserting the probes. To overcome contact resistance which would swamp changes that 

lie deeper, four electrodes are usually in use (Clark, 2001). A current passes through 

electrodes C1 and C2, and resulting potential gradient is sampled between two potential 

electrodes P1 and P2. 

 Electrode arrays usually used in geophysics for geology have been applied to 

archaeology to meet the rapid deployment, both for area (2D) and to give the third 

dimension or depth (Papadopulous et al., 2006; Papadopulous et al., 2010). Four 

electrodes can be configured in many ways (Szalai and Szarka, 2008), although only four 

are used in archaeology termed as arrays and named after notable pioneers of geophysics 

like Schlumberger or Wenner, or are descriptions of the geometry, such as Double Dipole 

or Twin Probe.  

Depending of the array the response of a same buried feature can vary in a 

predictable manner. The Schlumberger array has been used frequently in Far East and 

Eastern Europe, while the Wenner and double-dipole arrays have received greater 

attention elsewhere, being particularly applicable to multiprobe switched systems 

(Papadopoulos et al., 2006).  In Britain, which is the leader in archaeological geophysics, 

twin-probe array dominates over other arrays mostly owing to its simplicity and widely 

available Geoscan range instruments, designed for archaeology (Aspinall and Gaffney 

2001). Electrical methods are also very successful in urban areas, where other techniques 

like ground – penetrating radar or magnetic techniques usually do not perform well due to 

signals from modern objects like buildings, cables, pipes or traffic which are usually much 

stronger than the older ones. Good results are achieved especially in mapping foundations 

of buildings, walls, cellars and ditches (Luck et al., 1997; Appel et al.,1997; Cammarano et 

al., 1997, Coskun and Szymanski, 1999), but also to obtain information on archaeological 

sites without stone structures (Maillol et al., 2004).  
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The Wenner array (Wenner – α) consists of two potential electrodes placed 

between two current electrodes and they are equidistant from each other (Figures 2.8). In 

conducting wide spread Wenner survey, all the electrodes are moved along a straight line 

so the spacing is always the same.  Starting from a basic equation for resistance survey: 

R = Vp1 – Vp2 ⁄ I = ρ⁄2πα *                              (2.8) 

where K is geometric factor, we can make a prediction regarding the relative 

strength of the response for each array or allows the results to be converted from 

resistance to resistivity for comparative purposes. From equation 1.8, having in mind the 

arrangement of the electrodes for each array, we rewrite formula for converting readings to 

apparent resistivity as shown on figure 2.8.  Although, Wenner and other related arrays are 

effective for many geological and geotechnological studies, it was soon realized that they 

produce an unsatisfactory representation of some archaeological features. Apart from 

being relatively slow, other drawback are multiple peaks over a single feature due to the 

shape of transverse reading, which can be highly complicated as all four electrodes are 

moving over the target, or unduly broad ones giving the false impression on width.  In case 

of horizontal features, like pavements or layers of stratification, where the variations in 

resistivity are less significant, this method shows good results (Di Maio et al.,2010; Luck et 

al.,1997). A symmetric distribution of current and potential electrodes also employed for 

the Schlumberger array (Wenner – Schlumberger) with the difference that the potential 

electrodes are spaced much closer than the current electrodes, which it was originally 

thought would improve the definition of small features (Figures 2.7 and 2.8). Because of 

this particular geometry, meter sensitivity is exceeded after the current electrode spacing 

is increased several times.  The orientation–sensitive performance of the Schlumberger 

array, when used to survey narrow, linear features has long been recognized in 

geophysical prospecting for geology (Godio and Bottino, 2001; Reynolds, 1997), which 

however cannot been said for archaeology especially when it comes to surveying of 

ditches and walls, where this technique often fails (Aspinall and Gaffney, 2001). The other 

pitfall of this array is also its apparent inconvenience, with the constant movement of 

widely spaced, high current electrodes and possible ground-coupling effects (Rozicky, 

1997).   

Double dipole (Wenner – β) is achieved by simply interchanging one current and 

one potential probe on the standard Wenner (Figures 2.7).  
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Wenner (Wenner – α) :     ρa = 2πaR   , k=2 πa                      (2.9) 

 

 

Double Dipole (Wenner – β) :    ρa= 6πaR , k=6πa              (2.10) 

 

 

 

Wenner - Schlumberger: ρa = πn(n+1)aR , k= πn(n+1)a          (2.11) 

 

 

 

Twin Probe (Pole - pole): ρa = 2π (R1 – R2), k = 2πa          (2.12) 

Figure 2.7 Generalized form of electrode configuration in resistivity surveys and general formula of apparent 

resistivity and model for converting reading to apparent resistivity for each array (modified after Reynolds, 1997 and 

ABEM SAS 4000/1000 Instruction manual, 1999). 
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The results is a configuration that is most sensitive between C2 and P2, and 

considerably less sensitive between C1 and P1, making the sensitivity concentrated 

between second pair of electrodes and its responses clear and simple (Figure 2.8). A 

drawback of the technique is that, because the current probes are close together, current 

penetration is limited making its sensitivity and response just one-third that of the Wenner. 

Better results can be achieved by combining two techniques having as a result a clear 

definition or relatively shallow features with double dipole and better response to deep 

features with Wenner, with the advantage that Wenner response tends to be less complex 

with depth (Figure 2.9). 

Twin-probe (Pole – pole) array was developed specially for archaeology by splitting 

Wenner array in two with a very large separation between current and potential pair of 

electrodes, which removes the double peaking problem (Figures 2.8). One of the pairs is 

placed at the fixed position while the other two are moved over the site acting as a 

detector probes. The calculations shows that if the separation between the pairs is at least 

30 times their individual spacing, then variations in the separation will effect readings less 

than 3%, which is insignificant in resistivity survey, especially if the data are filtered for 

presentation. 

Once they are separated that much, the relative orientation is irrelevant and 

penetration is improved. To achieve the penetration as Wenner array, the probe spacing 

need to be only the half as great, or 0,5m to see as deeply as 1m Wenner, but with greater 

horizontal resolution or a single peak (Clark, 2001). 

 

 

Figure 2.8 Use of the Wenner ⁄ Double Dipole switch in the field. The definition of the walls by Double Dipole 

avoids the confusion of Wenner (after Clark 2001). 
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The percentage change on traversing a buried target can be as great as 50% with 

Wenner, but as little as 15% with the Twin-Probe array. Since the mobile probes do not 

have to be maintained in the same orientation with respect to the remote pair, zigzag data 

collection is possible as well as some movement to allow for physical obstruction at the 

position of measurement. Of importance is that Twin-probe taps into a volume of ground 

where the potential gradient is changing rapidly next to the current probes and this 

ensures that the majority of signal variations results from very near surface 

inhomogenities. One of the biggest advantages of this method is that it gives a clear 

response over archaeological features easy to interpret (Papadopoulos et al., 2006). This 

array is also very sensitive on vertical structures and very effective in surveys which as a 

goal have discovering of ancient walls, cisterns or trenches, and has been used with great 

success to delineate a plan view of buried archaeological features (Tsokas et al.,1994; 

Savvaidis et al., 1999; Papadopulous et al.,2010). 

 

 2.1.3  Pseudosections, electrical imaging and electrical tomography 

 The majority of resistance surveys undertaken for archaeological purposes are 

performed with constant separation between the probes and the data collected at sample 

intervals over a regular grid. For small electrode spacing, the apparent resistivity is 

generally equal to the true value of the upper or surface layer. Increasing the spacing, 

apparent resistivity will, in theory, approach that of the basement layer, with the depth to 

the top of that layer linearly proportional to the interprobe spacing (Herz and Harrison, 

1998). While the area survey approach is routinely the most efficient way to investigate a 

site, the problem is that many assumptions have to be made, especially about the 

archaeology. An alternative approach therefore is to look deeper in the ground.  In order to 

investigate horizontal strata of different resistivities, geologists have been using for a long 

time a technique called Vertical Electrical Sounding (VES) or “electrical drilling”. In this 

technique the separation of the array is expanded around the central point and the 

resistance is measured for an increasing depth of ground. In practice, this technique is 

rarely used in archaeology, but a principle of expanding the probe separation is very 

important in the measurement of pseudosections, called also 2D sections of apparent 

resistivity, which involves VES-type measurements of many points along a traverse. In 

generating a pseudosection, a long line of electrodes is set up, usually between 25 and 32, 

from 0, 5 m to up to 5m distance for deeper work. A series of readings, usually Wenner 



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

38	  

and Double Dipole, are taken using different probes along the line and expanding the 

probe separation at all possible array centers, expanding the depth of the investigation at 

the same time (Figure 2.10). To increase the depth of investigation, the spacing between 

the P1-P2 electrodes is increased to 2a and the measurements are repeated for n equals 

to 1, 2, 3, 4, 5 and 6 (Figure 2.9).  

A M N Ba a a

2a 2a 2aA M N B

Misura n° 1

Misura n° 2

Misura n° 3

A M BN3a 3a3a
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punto di misura della resistività
apparente (Ohm.m)

 

Figure 2.9 Sequence of measurements to build up a pseudosection using a computer controlled multi-electrode survey 

setup. In practical situations the measurements are taken using a large number of static probes that are automatically 

switched on and off, by computer controlled software. The black dots represent reading at each level as the array 

traverses from left to right. 

 

Each pseudosection requires a large number of readings and automated systems 

have been developed using multi-electrode arrays combined with microprocessors and 

electrode switching. At first glance, a pseudosection can be read like a drawn section form 

an archaeological site, however at this stage the data are “approximate” in that there are 

many distortions resulting from the changing relationship between the probes and buried 

strata (Aspinall and Crummet, 1997). The resistance for each measurement point is 

calculated and inverted by computer software and corrected to resistivity later in the 

laboratory.   

 When multiple adjacent profiles are considered over an area one achieves a 

resistivity volume that can be sliced along any axis to investigate vertical relationships, 

stratigraphy and plan views at various depths (Kvamma, 2001). This method is known as 
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electrical tomography and represents 2D model of subsurface. If we divide one survey 

area in regular, parallel grids, it is possible to take more sections of resistivity which 

together can produce the 3D model of the subsurface. In this case it is necessary to invert 

the data of measured apparent resistivity and to reconstruct the distribution of “real” or 

calculated resistivity. The inversion process is done by a computer software (RES2DINV, 

RES3DINV, ERTlab), and operation consists in repeated calculations called iteration.  

 

 

 

 

Figure 2.10 (A) Arrangement of data points in the pseudo section for the Wenner and Wenner – Schlumberger arrays (B) 

Arrangement of the blocks used in a model together with the datum points in the pseudosection.  

 

A	  

B	  
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 The process stops when the difference between the measured and calculated 

apparent resistivity reach a certain medium percentage of experimental measures. The 

developments of the mobile arrays has increased the area coverage, reducing the time 

taken to conduct the survey, while the use of multiplexed systems has aided the 

determination of the apparent resistivity distribution in three – dimensions (Walker, 2000). 

In archaeological prospection, electrical tomography is mainly used as a complementary 

tool to enhance the information context from other geophysical methods (Papadopulous et 

al., 2006). Nevertheless the huge advantages this method has over others, there are also 

some downfalls as pointed out by Ervan Garrison in his book Techniques in 

Archaeological Geology (2013: 57):  

 1) the quality of interpretation decreases significantly with depth due to the always 

lower amount of electrical current passing through the soil and increasing number of 

properties of larger volumes of soil sampled with every expanding line 

2) each datum point will include significant contributios from portions of soil not 

directly under the array which go compressed onto a two-dimensional display of aparent 

resistivities. 

3) the pseudosection, not matter the graphic display, is not the direct rapresentation 

of the subsurface and any direct intrpretation of anomalies or depth it can be misleading.  

  The 3D measurements are usually necessary when there is complex geology 

present or stratigraphy, in order to generate better maps of subsurface features. Many 

times, features which are less visible or absent from 2D profiles, are clearly defined in 3D 

models. In order to collect 3D data, electrodes are usually arranged in a rectangular grid 

with the same unit electrode spacing in the X and Y direction, where each electrode is 

used as a current electrode and potentials are measured at all other electrodes.  The 

maximum number of measurements that can be made with P electrodes is nmax=P (P-

1)/2, than, for example, 24 electrodes are used and pole-pole configuration the complete 

data set would have 276 datum points (Figure 2.11). It is obvious that taking of such a 

great number of measurements would be time consuming if done by single-channel 

resistivity meters. 

 



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

41	  

 

Figure 2.11 Arrangement of 24 electrodes in 6x4 units rectangular grid in order to measure the three-dimensional 

resistivity distribution of the surface (after Papadopoulos et al., 2006). 

 

However, even with usage of multichannel resistivity meters, the time needed has 

not been reduced to an acceptable level to be able to conduct such surveys on a routine 

basis, so the most common practice is to record the three-dimensional resistivity variation 

by gathering dense, two-dimensional lines with the interline spacing equal to the 

interelectrode spacing. Electrical resistivity tomography, is the one of most commonly 

applied in geophysical survey because of its suitability of detecting walls, roads, cavities 

and other structures at different depths (Perrone et al., 2004; De Domenico et al.,2006; 

Papadopoulos et al.,2006; Papadopoulos et al.,2010; Di Maio et al.,2010).  

 

 2.1.4 Nature of resistivity anomalies  

The passage of electrical current through a given body is possible only if there are 

particles able to move after electrical field is applied. These particles are called electrons 

and ions,  that are the atoms with a positive charge (cations) and the atoms with the 

negative charge (anions).  Free electrons exist only in metals and in certain semi-

conductive minerals like pyrite or magnetite, which are often found in archaeological 

context as coins, metal statues, different tools, arms, etc. Thus, the resistivities of 

sediments and rocks in this environment are controlled by the amount of water present 

and its salinity. Because the conduction is electrolytic, the cation exchange capacity of clay 

minerals increases conductivity. Apart from clay, all fine grained minerals possess an 

exchange capacity to some degree. This means that increasing silt or clay content in 

poorly sorted rocks or sediments will reduce resistivities. In rocks and sediments with well-

rounded grains, grain size alone does not influence porosity. In general finer-grained 

sediments will have higher porosities and lower resistivities than coarse-grained sediments 
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(Table 2.1). Increasing water content, salinity, clay content and decreasing grain size are 

reducing resistivity by water filling the numerous fractures (increased porosity) and 

increased weathering. Conversely, resistivity is raised by increasing compaction and 

lithification (Burger et al., 2006).   

Five major factors for determine the resistivity of material are mineral composition, 

state of alternation and degradation, porosity, the level of saturation and salinity of the 

water. To these factors should be added also the “water balance” precipitation input and 

water loss by evaporation and take up by vegetation, and sometimes even the season or 

time of the day. For example, the series of Roman defensive ditches cut into the Triassic 

sandstone, at Staffordshire in England, throughout the year remained detectable as low 

resistivity feature, while the period of clearest response was after a period of hot, dry 

weather when soil had suffered an overall loss of water by evaporation (Clark, 2001).  

Porosity is divided into primary and secondary, where the primary consists of pore spaces 

between the mineral particles and secondary of fractures and weathered zones. The 

secondary porosity is the most important in crystalline rock, such as granite or gneiss, and 

in certain sedimentary rocks, such as limestone. The degree of water will naturally affect 

the resistivity, and the resistivity of ground level will be higher than bellow if the material is 

the same. 

Litotype Resistivity (Ωm) Porosity (%) 
Water 10 – 100 - 

Sea water 0.2-0.3 - 

Sands (dry, loose) 1000 30-50 

Sands (saturated, loose) 80-150 30-50 

Silt (saturated) 15-50 13-30 

Sandstones - 10 - 40 

Clays (saturated) 5 - 20 - 

Clays (saturated with salty water)  1 -2 - 

Gravel (dry) >1000 10 - 40 

Gravel (saturated) 150 – 300 10 – 40 

Limestone 500-2000 2 - 25 

Dolomites 1000-5000 2 - 20 

Granites 10000-50000 <1 

Basalts 20-2000 <1 

 

Table 2.1 Resistivities and porosity for common geological materials (modified after Reynolds, 1997). 
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However, if the content of the fine grained material is significant the water content 

above the groundwater surface, held by capillary or hydroscopic forces, might be large 

enough to dominate the electrical behavior of the material (ABEM SAS 4000/1000 

Instruction Manual,  1999).  

 

 2.1.5 Instrumentation and field procedures 

 2.1.5.1 Instrumentation: ABEM Terrameter SAS 4000 

 2.1.5.1.1 General characteristics 

The Terrameter SAS system consists of a basic unit called SAS 4000, which can be 

supplemented with the accessories such as the ABEM LUND electrode systems or the 

ABEM SAS LOG 300 borehole logging unit (Figure 2.12; 2.13). SAS stands for Signal 

Averaging System, a method where consecutive reading is taken automatically and the 

results are averaged continuously.  The Terrameter SAS 4000 can operate in three 

modes: 

• Resistivity surveying mode – It comprises a battery powered, deep-penetration 

resistivity meter with an output sufficient for a current electrode separation of 2000 meters 

under good conditions. The ratio between voltage and current (V ⁄ I) is calculated 

automatically and displayed in kiloohms, ohms or milliohms. If array geometry is present, 

apparent resistivity can be displayed also, extending the range from 0, 05 milliohms to 

1999 kiloohms.  

• Induced Polarization mode – It measures the transient voltage decay in a number of 

time intervals. The length of time intervals can be constant or increasing with time. The IP 

is measures in terms of chargeability (msec V ⁄ V).  

• Voltage measuring mode – It comprises self potential instrument that measures 

natural DC potentials. The result is displayed in V or mV.  

The electrically isolated transmitter sends out well-defined and regulated signal 

currents, with strength up to 1000 mA and a voltage up to 400 V. In geophysical surveys 

SAS 4000 permits natural or induced signals to be measure at extremely low levels, with 

excellent penetration and low power consumption. Some of the major characteristics of 

this system are: 
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• Resolution 1 µV (at 0,5 integration time) 

• Precision and accuracy better than 1% over the whole temperature range 

• Galvanic separated input channels  

• Built-in PC compatible microcomputer 

• More than 1,000,000 data points saved on the internal disc 

• Fast and time-efficient data acquisition 

 

2.1.5.1.2   Electrodes 

The purpose of an electrode is to establish electric contact between electronic 

conductors (the cable) to an ionic conductor (the earth). Resistivity surveys can be 

conducted using current electrodes made of ordinary steel. Potential electrodes can be 

also made of ordinary steel, but stainless steel is preferred. Self potential survey requires 

non-polarisable electrodes, which consists of a solid state gypsum rod, covered with a 

plastic cylinder. For the current electrodes, of great importance is the good galvanic 

contact with the ground.  

 

Figure 2.12 The Terrameter SAS system: 1. ABEM Terrameter SAS 4000; 2. Electrode selector ES462; 3. Rechargeable 

battery pack; 4. Electrodes; 5. Multi-channel cables; 6. Connecting (Y) cable  (by author). 
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Figure 2.13 ABEM Terrameter SAS 4000 and SAS 4000 panell with four communication connectors on the left hand side 

(from ABEM SAS 4000 Instruction manual, 1999) 

 

 For small electrode separations (few meters), it would be enough to push the 

electrodes couple of centimeters into the ground, but for larger separations, it is very 

important a good grounding of the current electrodes. In dry conditions it is even 

necessary to apply water around the electrodes. However, in a field it often happens that 

only the uppermost layer of the ground is drier and more high resistive than the overlaying 

strata, in which case it is enough just to push a bit deeper the electrodes. In dry and 

permeable soils, such as sand, the problem is that the water used to improve the contact 

is rapidly evaporated before measurements are finished. In such case it might be good to 

make starch compound or to mix a bit of salt with the water to improve the contact. 

The cable set for the execution of standard geophysical survey consists of: 

• Four sets of Multicore cables, each with 16 take-outs mounted on a reel. 

• Muller type clips to connect electrodes for the take-outs.  

The cable consists of 16 CU wires with excellent insulation to ensure cross-talk 

between cables ensuring good survey results. The short hook-up cable reduce setup times 

and permit the positioning of the cable drums as wanted. 
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2.1.5.1.3   LUND imaging system 

The LUND system is a multi-electrode system for high resolution 2D and 3D 

resistivity surveys. It consists from a basic unit, the Electrode Selector ES 464 or ES10-64, 

and multi - channel cables (Figure 2.13) the system can be controlled directly from SAS 

4000. The most important features of the system are: 

• 64 electrodes unrestricted switching in a compact, battery-operated unit 

• Robust, waterproof design 

• Linked to SAS 4000 with one single cable  

• Robust data acquisition software (including automatic measurement process, 

automatic roll-along with coordinate updating, electrode cable geometry and switching 

sequence defined in address and protocol files allow user defined surveying strategies and 

arrays such as Wenner, Wenner-Schlumberger, multiple gradient, pole-pole, pole-dipole, 

dipole-dipole and square array) 

• On screen echo of measurement process 

• Software for graphical presentation (including pseudosection plotting in color 

or gray scale and optionally available 2D inversion software for 2D interpretation).  

Before starting with the survey, it is advisable to walk around the area to be 

surveyed, with maps or aerial photographs if possible, in order to select the optimal profile 

lines. It is also advisable to walk around the entire length of profiles lines before putting 

any equipment to ensure that the selected lines are practical. . To ensure the proper 

function of the system, it is strongly recommended an external lead acid battery or a car 

battery via an adapter especially for long surveys of several hours. The next step is placing 

of electrodes and cables, and connecting them to the instrument. All electrode cables 

should be rolled out in a direction of a profile with the cable reel facing the highest 

coordinates. It is advisable to have profiles always running from south to north or west to 

east in order to avoid confusion when the results are to be presented. After we have rolled 

out all four cables, we can start placing the electrodes and link them to the odd-numbered 

take-outs on all four electrode cables. We connect the Electrode Selector at the center of 

the cable spread (cables 2 and 3) and then connect the Y-cable on the SAS 4000 ⁄ 1000 
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and the 4-pin connectors named “ terrameter” and “computer” on the ES464. Once we 

have connected properly C1, C2, P1 and P2 connectors on the SAS 4000 ⁄ 1000, we can 

turn on the Terrameter start the LUND imaging system (Figure 2.14). Complete procedure 

of adjusting the settings can be found in the Instruction manual and will not been repeated 

here.  

 

Figure 2.14 Principle system layouts for roll-along CVES (2D electrical imaging) surveying using four electrode 

cables. With 2m intervals between electrode take-outs, the system has a total length of 160m and with 5m intervals 

600m (from ABEM Instruction manual, 1999). 

 

 

Figure 2.15 Principle system layout for roll-around surveying using three electrode cables perpendicular to the cable 

direction (from ABEM Instruction manual, 1999). 

The data cover the resistivity surveying with cable system in general is dependent 

on several reasons, such as the total number of electrode take-outs, the number of 

sections the cable array is divided to, the array used (Wenner, Pole-pole, etc.), and 
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whether there are restrictions on how the electrodes can be combined. The Electrodes 

selector does not put restriction on how to combine 4x64 channels, so the factors will be 

determining. Any cable configuration and electrode array could be used, as long as the 

geometry and measuring sequence is specified and address and protocol files used. 

 The SAS 4000 displays measured resistance values on the screen during data 

acquistion , as well as the smalles inter-electrode distance and the midpoint coordinat, 

which is later for the presentation converted to the apparent resistivity. For applications 

where an area coverage is needed it may be desireable to do roll-along in a direction 

perpendicular to the extension of the cables (Figure 2.15). Up to three cables can be 

connected direclty to the Electrode selector, with the possibility of adding the forth cable if 

neccesssary. Measurements, for example, Pole-pole array can be performed in two 

directions for two different electrode spacing defined by the distnace between the cables.  

 

 2.1.5.1.4   Pseudosection plotting 

 The data collected at the field are presented graphically by a software Epigraph, 

which facilitated the graphic presentation of CVES data and inverted model sections. 2D 

inversion must be carrid out using a separate inversion program like RES2DINV. The 

measured apparent resistivity can be plotted as pseudosections in gray or color scale and 

inverted sectiond as continuous plots or rectangular blocks. Conversion from the field data 

formats OHM and S4K to DAT format is also possible, as well as the convesion to model 

files in RHO format from the output formats INV and XYZ created by RES2DINV. A 

pseudosection is made by plotting the data points in a diagram, using the length axis for 

the distance and the depth axis for the electrode separation. The distance for the electrode 

configuration midpoint is thus plotted against the electrode separation for each measuerd 

data point, letting the later to reflect the measurement depth. The corresponding apparent 

resistivity values are than plotted points are than connected to contuor similar values of 

apparent resistivity along the profile. The pseudosection obtained in this way reflects the 

variation in resistivity of subsurface in a qualitative way, in sense that approximate 

structures and depths to layer interfaces can be tell. Due to great numbert of data points 

the drawing of pseudosection is done atomaticaly by Epigraf, using linear interpolation 

between data points.  Linear interpolation does not include the smoothing of data, which 

gives the good indication on the data quality.  The selection of resistivity interval is of major 
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importance when presenting the data, as the perception of the plotted data is strongly 

controlled by the colors, since the suitable selection may hide relevant or enhance 

irrelevant features.  

 

 

2.2 SEISMIC METHOD 

 2.2.1 General notes 

The integration of geophysical seismic methods and archaeology came above all as 

a part of a study of past earthquakes and palaeoseismology. The merging of 

palaeoseismic and archaeoseismic perspectives in the analysis of past earthquakes 

constitutes an advance for the understanding and characterization of ground shaking 

affecting the natural environment and human-made structures, from individual buildings 

and monuments to entire urban zones in ancient populated areas (Ambraseys, 2005; 

Gorokhovich, 2005; Silva, et al. 2011; Sintubin, 2011). This information is relevant for the 

improvement of seismic hazard modelling by adding new unknown palaeoearthquakes in 

conventional seismic catalogues. However, seismic hazard is a multifactor variable in 

which ground susceptibility, topography and the geomorphological setting of affected 

zones by strong seismic shaking have a significant influence. In the field of archaeological 

geophysics, resistivity, ground penetrating radar and magnetometry are widely used. All of 

these techniques are well advanced and have been specifically dedicated to 

archaeological prospecting over the years.  

Although these methods provide detailed plans of buried remains, but show stong 

limits when there is need to obtaining depth information. In this sense, active and passive 

seismic surveys have several advantages. First, they provide true depth information giving 

a profile of buried near-surface layers. Second, processing and interpretation of the data 

and the form of survey methodology discussed here is relatively straightforward (Ovenden, 

1994). Today we are witnessing that more and more seismic surveys have been 

performed and found being very usefull in detection of deep burried acrhaeological 

structures (De Domenico et al., 2006; Leucci, et al. 2007), large scale constructions (Jones 

et al., 2000; Vafidis et al., 2003), monumental burial sites (Metwaly et al., 2005; 

Plymenakos et al., 2004, Vafidis et al., 1995), for archaeological prospection (Luke and 
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Brady, 1998; Sugimoto et al., 2000; Wilken et al., 2015), large scale statues (Orlando and 

Renzi, 2013), analysis of site stratigraphy (Hildebrand et al., 2007), early prehistoric sites 

such as caves and karstic morphologies (Beck and Weinstein-Evron, 1997; Valois et al., 

2010; Weinstein-Evron et al., 1991), etc. The great majority of sesimic investigations in 

archaeology but his moment, focused mostly on active seismic methods while the passive 

ones remained in the second plan. By implementing passive seismic and HVSR method 

integrated with electrical resistivity tomography, this study aims to move to boundaries 

further and to show its advantages when it comes to exploration of early prehistoric cave 

sites.   

 

 2.2.1 Elastic waves 

 The pebble that hits the surface of the water causes a sudden disturbance or 

displacement that occurs at a small localised region. In physics this is reffered to as “wave 

propagation phenomena” and consists of propagation of the energy without movement of  

materia. The displacement propagate as a spherical wave front from the center of the  

disturbance, reaching the distant points where it can be recognised by the motion it 

induces in the material present. Similar phenomena are numerous in everyday life  (Figure 

2.16). Our vocal cords put in oscillation the particles in the air which propagate in the form 

of the wave until it reaches the ear as a sound. All the waves propagate the energy without 

the movement of the materia. All the waves can be clasified in two major groups: 

1. Electromagnetic waves – such as visible light, radio waves, infrared light, X rays 

and gamma rays. 

2. Elastic waves – mechanic, acoustic and seismic waves.  

 The passage of the wave front by each point of the surface is marked by the motion 

of that surface, which can be measured and recorded by sufficiently sensitive detecting 

and recording instruments. (Burger et al., 2006). All the waves are characterise with three 

parameters: velocity, frequency and wavelength. The wavelenght (λ) is the distance 

between two adjacent points on the wave that have the same phase displacements. The 

distance between two ripple crests is called wavelenght. 
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Figure 2.16. Electromagnetic spectrum 
 

 

 

Figure 2.17 Pattern of particle displacements during the passage of the wave. 

 

 The maximum displacement associated with the particle motions that occur as the 

wave passes is called amplitude (A). Every “crest” represents a single phase of the wave. 

(Figure 2.17a). All the particles that oscilates on the same crest are in the same phase of 

the oscilation or vibration. Wavelenght and amplitute provide the information not only 

about the shape of the wave while it’s moving through investigated body. The time it takes 

fot two successive screst points to pass the referenced point and complete one single 

oscillation is called the period (T). The number of the repetitions per units of time (second) 

is called frequency (f) and can be expressed as (Figure 2.17): 

f=1/T  (2.13) 

The unit of frequency is Hertz (Hz). Having in mind that during one period T, the wave 

completes a path equal to the one wavelength, we can calculate the speed: 

V=fλ  (2.14) 
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 And while the ferquency is the characteristic of the source, the speed is the 

characteristic of the investigated body. The surface along which all particles propagate and 

are in the sam phase of motion is called a wave front. If the medium through the wave is 

propagating  homogeneous, the direction of propagation is always perpendicular to the 

wave front, thus making it possible to draw perpendiuclar lines to the wave front which can 

indicate the direction of the propagation. Such lines are called rays and are used to derive 

the relationships for the seismic refraction and reflection methods (Burger et al. 2006). 

Remembering the water analogy and how ripples are propagating from the center of the 

impact by displacement of the water particles. Following the passage of the disturbance 

the particles return to their previous state. The same can be said also for the other types of 

the material such as rock. When the rock is subjected to the stress (hammer blow) there 

has been a shape change and the rock return to its original state (shape). Such behaviour 

is termed elastic, and the speed and the manner in which the waves are propagating 

through materials are controlled by the material’s elastic properties. When an external 

force (F) is applied across an area (A) of a surface of the body, forces inside the body are 

established in proportion to the external force. The ratio of the force F/A is known as stress 

and can be resolved in two components: on at right angles to the surface (normal or 

dilatational stress) and other in the plane of the surface ( shear stress). The stressed body 

undergoes strain  or the amount of the deformation expressed as the ratio of the change in 

length to the original length (Reynolds, 1997). The stress and strain depend on elastic 

properties of a body until it reaches its yielding point. If the yield point is surpassed the 

body starts behaving in plastic manners and serious damage is produced. In the case of 

earthquakes, rocks are strained until fracture, where in esploration seismology the stress 

and strain is always lie well inside the elastic behaviour of materials.  There are two main 

types of elastic waves: ones that pass through the bulk of medium (body waves) and those 

confined to the interfaces between the interfaces (surface waves). Body waves are further 

divided on: 

1.  P-waves (primary waves) have the fastest speed and appear first illustrating wave 

arrivals at the specific location. They are also called compession waves due to the 

particle compression duting the propagation. P waves are most important in the 

exploration seismology and are also known as longitudinal, primary and push 

waves. (Figure 2.19a). 
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2. S-waves (shear waves) are slower than P-waves and they appear after the them on 

seismographs hence the name second waves (Figure 2.19b). During the 

propagation of S-wave, the movement of the particles comes in direction at right 

angles to the propagation direction. The familiar analogy could be the the rope 

anchored at one end and than set into oscillation at second end. The same analogy 

can be used to manifest how particles can move in any direction in a plane 

perpendiclar to the propagation of the wave, depending on the position of the 

source. When particle motion is confined to one plane only, the S wave is said to be 

plane-polarised and their use in vertical and horizontally polarised modes (SV and 

SH) are becoming more important in exploration seismology.    

 On the contrary of the body waves, surface waves are propagated within and 

confined to the region of the bounding surface and the further subdivided to: 

1. Rayleight waves  which propagate by the particle motion that is confined to a 

vertical plane. Is retrograde elliptical and in the direction of wave propagation. 

Particle movements are greatest and the surface and decrease exponentially going 

downwards (Figure 2.20a).  

2. Love waves travel by a transverse motion of particles that is parallel to the ground 

surface (Figure 2.20b). They travel only in the presence of the surface layer of low 

velocity and do not propagate inside the liquids. Surface waves are slower and are 

less attenuated with the distnance, making the responsible for the damage caused 

by the earthquakes. If during an earthquake the movement is jolting (shaking) the 

component of Raylight is prevealing, if the movement is more wavey the component 

of Love if prevealing.  

3. The amplitute of surface waves dampen exponentially with depth in the function of 

frequency, higher the frequency lesser the depth of propagation. The velocity of 

propagation depends of elastic properties and density of the investigated body. 

Elasticity is the characteristic of the body to deform when the pressure is applied 

and reurn into its orginal form once the pressure has been removed. All the 

materials in nature are considered elastic but only until the forces are small and of 

short duration and undergone deformations are propostional to the force applied. 

The elastic properties are regulating the acceleration with which the particles are 

returning into their position of the equilibrium. Better the elastic properties higher the 
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acceleration coinciding the instant velocity of the particles during the oscillation and 

the movement is more readily propagated to the nearby particles. 

 

                     

Figure 2.19 a) Graphic representation of P Wave; b) Graphic representation of S Wave. 

 

 

             

Figure 2.20 a) Graphic representation of Rayleigh Wave; b) Graphic representation of Love Wave. 
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The density is the opposite factor, constant and represents the mass per unit of 

volume. Higher the density of the material lower the speed of acceleration and less 

effective transmission of the movement. The wave speed is therefore inversely 

proportionate to the density. 

 Because the compressional are used routinely in seismic esploration, especially in 

shallow depths, the attention is mainly focused on the P waves velocities in rocks and 

minerals.  The P waves are due to the force of compression, while the S waves are due to 

shear stress. Fluids don’t propagate any resistance to shear stress meaning that even a 

minimum shear stress produces irreversible deformation. For this motive, S waves do not 

propagate in fluids. The sound is propagate through the air or in water thanks to the P 

waves. The propagation of the waves depends of different factors such as: mineralogical 

composition, texture, porosity, the lever of saturation, the level of alternation. 

Velocities are determined in controlled condition in laboratories or in field and all have 

advantages or disadvantages. For most common materials, velocity ranges overlap 

meaning that there are no unique values for rocks and sediments but rather some general 

rules (Burger et al. 2006): 

• Unsaturated sediments have lower values than saturated ones; 

• Unconsolidated sediments have lower values than consolidated ones; 

• Velocities are similar in saturated, unconsolidated sediments; 

• Weathered rocks have lower values than similar rocks that are unweathered; 

• Fractured rocks have lower values than similar rocks that are unfractured; 

 Inside of porous and alternated, the speed of P waves depends both of speed 

inside solid matrix and fulids. Like stated before all the particles that oscilates on the same 

crest are in the same phase of the oscillation or vibration. Therefore, in a porous medium 

the fraction of the wave front that travels through given matrix at the speed of matrix, will 

be found immediately after it has been passed throguh the fluid at the speed characteristic 

for a fluid and immediately after into the matrix, and so on (Table 2.2). 
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Litotype Vp (m/sec)) 
Soil  300 - 500 

Sand (dry) 500 – 1000 

Sand (loose) 200 – 2000 

Sand (wet) 600 - 1800 

Loess  300 – 600 

Air 330 

Floodplain alluvium 1800 - 2200 

Sand and gravel (near surface) 400 – 2300 

Sand and gravel (at 2km depth) 3000 - 3500 

Clay 1800 – 2900 

Water 1450 – 1500 

Vulcanic rock 2500 – 4000 

Limestone 3500 – 5000 

Sandstone 2500 – 4500 

Granites 4000 – 6000 

Basalts 5500 – 6500 

Tuff 750 – 2450 

Pozzolan deposit 350 – 1000 

Made ground (rubble etc.) 160 – 600 

Landfill refuse 400 – 750 

Concrete  3000 - 3500 

Disturbed soil 180 – 335 

Clay landfill cap 335 - 380 

 

Table 2.2  Wave speeds for common geological materials (modified from Reynolds, 1997). 

 

The wave front propagates with an average speed between the matrix and fluid. In 

theory just on the basis of the speed, there shouldn’t been any problems in distingushing 

dry from wet sediments, sediments from rocks and sedimentary rocks from igneous of 

metamorphic rocks.  

 

2.2.4 HVSR method   

 On the contrary to the seismic reflection and refraction which require a controlled 

seismic source or energy such as a hammer, dynamite or air gun, passive seismic is the 
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detection of natural low frequency earth movements or microseismicity (microearthquakes) 

with the purpose to detect buried geological structures and locate oil, gas or other 

resources without inducing any energy. The passive seismic survey is very different from 

the conventional ones such as reflection seismology that consits of numerous short 

measurements placed closely together. The images produced with this technique are 

directly analogous to those produced with the familiar conventional reflection seismic 

experiment. The passive seismic survey can take hours or even days of continuous 

recording with much less measurements and measurement points on a great distance. 

Since the seismic sources are below or within the target of interest, there is no need to 

have two way travel time, but only one seismic ray path to the surface making this method 

specifically suited for regions of bad penetration problems.   

Seismic prospecting method HVSR (Horizontal-to-Vertical Spectral Ratio) consists 

in recording the vibrations produced by ambient noise in three directions for a few minutes 

to determine the fundamental resonance frequency (Lunedei and Albarello, 2010; 

Mucciarelli and Gallipoli 2001; Nakamura 1989, 2008; Ozalaybey, et al., 2011). The H/V 

spectral ratio method is an experimental technique to evaluate some characteristics of 

soft-sedimentary (soil) deposits (Delgado, et al. 2000). Due to its low-cost both for the 

survey and analysis, the H/V technique has been frequently adopted in seismic 

microzonation investigations. However, it should be pointed out that the H/V technique 

alone is not sufficient to characterise the complexity of site effects and in particular the 

absolute values of seismic amplification. The method has proven to be useful to estimate 

the fundamental period of soil deposits. However, measurements and the analysis should 

be performed with caution. This technique is most effective in estimating the natural 

frequency of soft soil sites when there is a large impedance contrast with the underlying 

bedrock (Claprood et al., 2012; Uebayashi et al., 2012). The method is especially 

recommended in areas of low and moderate seismicity, due to the lack of significant 

earthquake recordings, as compared to high seismicity areas. In addition, this technique is 

also useful in calibrating site response studies at specific locations (SESAME, 2004).  

Nakamura (1989) proposed a technique based on the surveys on various sites in 

Japan and calculation of the ratio of the power spectra of the horizontal and vertical 

components of the seismic noise recorded a single three components seismic station 

(Figure 2.21).  
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Figure 2.21 The image of H/V method (after Nakamura, 2008). 

 

In correspondence to the resonance frequencies of a sequence of layers, the 

Horizontal to Vertical Spectral Ratio (HVSR) of the seismic noise presents peaks well 

correlated with the amplification factor of S waves, generated by earthquakes, between the 

bottom and the roof of the stratification. Not necessarily, however, an HVSR peak must be 

attributed to resonance frequencies of a buried structure, it might also depend on 

characteristics of the sources of noise and in such case will not be correlated with 

amplification effects on incident waves trains. However, appropriate techniques of data 

analysis may help to discriminate, between peaks caused by source effects and those due 

to wave propagation (Di Stefano et al., 2014).  

The power spectra of the horizontal and vertical components of the seismic noise 

are everywhere affected by characteristics of the sources, as well as by the distribution of 

the mechanical parameters in the subsoil (Chandler and Lively, 2014). Therefore, the 

polarization as a function of the frequency can be used to estimate the site properties. In 

active surface wave testing, the spectral ratio or ellipticity of the Rayleigh wave can be 

estimated by analyzing the polarization of multicomponent active data. In passive data 

dominated by Rayleigh waves, the average ratio between the horizontal and the vertical 

components can be estimated over long records and used to evaluate the local site 

properties. A general agreement on the important role by the Rayleigh wave ellipticity has 

been reached and even if in some cases, the role of bidy waves cannot be neglected, 



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

59	  

passive H/V mesurements are related to surface wave propagation in most cases (Foti et 

al., 2015).  

When data are acquired and processed properly, the H/V ratio depends on the site 

properties. When the sources of the ambient noise are inside of the sedimentary layer or 

at the surface and close to the recording station, the peak is related to the horizontal 

ellipticity of the fundamental mode of the Rayleigh wave. A second peak related to the 

head shear wave can appear with far sources. With deep sources, in the bedrock, the 

peaks are due to the shear wave resonance of the head wave. The relative importance of 

the Rayleigh and Love waves can affect the shape of the curves, and this can vary from 

site to site. 

The main sources of seismic noise are: atmospheric and hydrodynamic 

phenomena, and fluid circulation and micro-fracturing processes in the subsoil. Close to 

residential areas, anthropogenic sources produce seismic noise, mainly with a relatively 

high average frequency, compared to the natural noise (typically higher than 10 Hz). 

Assuming a simple composition of the noise in terms of body and surface waves, and 

having an adequate information on the subsoil, which can be expressed by means of 

constraints for a one-dimensional model of the subsoil, it is possible to determine the 

unknown parameters of the model by inversion of the curves HVSR. the most notable 

advantage of the HVSR technique is in having a superior set up time and effort relative to 

the other surface wave techniques, and may thus be applied to assess large dynamically 

compacted areas efficiently (Harutoonian et al. 2013). Single-station three-component 

microtremor observations are highly mobile and inexpensive. Moreover, the horizontal-to-

vertical spectral ratio (HVSR) derived from these observations is obviously more stable 

than the power spectra irrespective of when the data were acquired and is very simple to 

analyse. Velocity structure exploration techniques based on the HVSR are extremely 

useful for acquiring information at a large number of locations to estimate the 3-D velocity 

structure. Many of the HVSR-based explorations of subsurface structures are performed 

using a 1-D velocity structural model framework. Even for an irregular subsurface 

structure, a relatively precise velocity structure model can be constructed in this framework 

by spatially connecting (interpolating) 1-D velocity structures estimated at different 

observation sites. 
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2.2.5 Instrumentation  

2.2.5.1 Instrumentation: MAE Vibralog 

2.2.5.1.1 General Characteristics 

 Vibralog is the digital 24bit sismograph adequate for the passive seismic research 

(with trigger threshold or continuous), seismic vibration monitoring and Nakamura method 

(MAE Vibralog manual, 2010). The instument can register, collect and visualize graphicaly 

up to 4 analogue signals (with single component or tridimensional), while the architecture 

based on one single A/D signal converter for each inlet channel (SST technology), allows 

to obtain the best possible resolution when acquiring the data for each single inlet channel 

(Figure 2.22). Equipped with graphic display, keyboard, memory support of Secure Digital 

(S.D.)  and very robust and resistant polypropilene box and internal battery, seismograph 

VIBRALOG is particularly easy to use also in less favourable environments and conditions.  

 

Figure 2.22 MAE Vibralog seismograph for passive seismic acquisition (MAE Vibralog Manual, 2010). 

Thanks to its dynamic characteristics, the instrument is particularly suitable to 

determine the resonance frequency of the site, through the H/V ratio method and to 

acquire transitional events (caused by natural seismicity or human activities) with the 

purpose to calculate the maximum speeds of the stresses suffered by a structure. The 

instrument is working using 10 AA rechargeable batteries. Kit includes all the equipment 

necessary to perform seismic surveys through H.V.S.R. methodology including data 

processing software (HVlab) and consits of seismograph, connecting cable and 3D surface 

sensor. 
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2.2.5.1.2  S3S - 3D surface sensor  

3D surface sensor is manufactured according to highest quality standard and has 

10 mm aluminum case which can ensure stable positioning of internal components, 

external oxidation for a finishing that facilitates cleaning after field use (Figure 2.23). This 

sensor can be connected to all MAE instruments related to Active Seismic, Passive 

Seismic and Seismic Monitoring categories. 

 

Figure 2.23 S3S 3D surface sensor  

 

2.2.5.1.3 Functions 

 From the main menu it is possible access to any the main functions as showm on: 

• Event acquisition – by switching to this function the instrument enters in pending 

state of the sesmic events to register. When the event is detected  When it detects 

an event the instrument captures the signals from the sensors in manner specified 

in the configuration. After the acquisition the data are automatically registered to 

the SD card to a SEG-2 file under the choosen name. single SD card can record up 

to 512 events independently from their duration.  
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• After the acquisition, if the reader is a memory card, the acquired data are 

automatically written to a file in SEG - 2 , whose name is composed using the date 

and time of the recording . 

• Set trigger - allows the configuration of the options of event detection, alarm 

thresholds and through channel coincidence. A trigger is defined as the 

contemporaneous surpassing of the threshold signal set for one or more channels. 

Two overruns of the threshold signal sets on different channels are considered 

contemporaneous, if they occur within 10 seconds from each other.  Each channel 

is associated with a signal level, varying between 1 and 10, or between 10% and 

100% of full scale.  Signal levels should be adjusted before the beginning of the 

investigation according to the characteristics of the sensors and the relative noise 

present on the site.       

• Configuration – allows to set the settings on the base of the instrument implemented 

during the survey.  The settings which can be modified include: the number of 

sensors (from 1 to 4), the percentage of samples reserved for the pre-trigger ( 

between 1 and 49%), sample frequency (between 100, 500, 1000 or 2000 samples 

per second), the number of samples to collect for every event which together with 

the frequency determins the duration of the survey (expressed in seconds together 

with number of samples), date and time.  

• Amplification – allows regolation of the amplification for every channel during the 

data acquisition. For each acquisition channel, it is possible to set gain factor 

selected between 0dB , 6dB , 12dB , 18dB , 24db , 30dB or 36dB . Next to the gain 

value is reported the corresponding full-scale acquisition of the instrument (in 

volts), which is the highest level of signal that the instrument can record from that 

channel. Above that level, sampled signal will appear as sheared. 

• Diagnostics – allows to verify basic functions on the basis of the instrument 

implemented during the survey.  

• Registrazione continua – allows the continuous reading of the signals arriving from 

geophones and their recording to a SD memory card. The main goal of the function 

is the recording of ambient noise or micro-tremors. Generally for such use it is 

useful to set the amplification to 30 or 36dB . The recording time is limited only by 
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the available space on the memory card. Sampling frequency is fixed to 250Hz and 

the acquisition has to start and finish manualy. In order to be able to read the data 

it is necessary to convert them using a sofware provided together with the 

instrument (SEG2conv) which reads the data from the memort card and converts 

them in ASCII file format.  

 

2.2.5.1.4 Type of investigation 

 As stated before, Vibralog is especially suited for the passive seismic research, 

seismic monitoring and Nakamura method. 

• Exploration for the evaluation of the local seismic response – micro earthquakes  - This 

technique is used to obtain information concerning possible dynamic amplification 

effects of seismic waves in “emersion”. It is based on the recording of the 

background noise in the time domain and following elaboration of the signal’s 

frequencies in the domain. It is carried out by placing a tridimensional geophone on 

the ground with low frequency response and by recording the seismic noise in 

different temporal windows. Later on, the study of the spectrums obtained from the 

convolution of the frequency of the signal recorded in the domain for the three 

components of the ground motion and the application of techniques on spectrum 

analysis (H/V), allows to define and measure possible local seismic amplifications 

and the seismic frequency of the site. The measurements of the micro-earthquake 

can also be taken in linear “arrays” for the localization of faults.  

• Nakamura method - A significant part of the damages observed in destructive 

earthquakes all over the world is associated with the amplification of seismic waves 

due to the effects of the local site. The analysis of the site response is therefore 

essential in the evaluation of the seismic risk in areas subject to earthquakes. 

Among the empiric methods, the method of spectrum analyses H/V on 

environmental vibrations is one of the most common. Since then, many researchers 

worldwide performed a large number of applications. An important requirement to 

carry out the H/ V method consists in a fairly good knowledge of seismology 

combined with basic information on local geological conditions supported by geo-
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physical and geo-technical data. The method is generally applied in micro-zoning 

studies and in the analysis of the local response of specific sites. 

• Seismic monitoring -  Seismic monitoring is carried out in areas subject to risks 

related to a seismogenic activity, by acquiring the seisms with time and recording 

the seismograms. Seismic stations are used able to record in threshold or 

continuous type, and low frequency geophones or seismic accelerometers. The 

recording in the long period, of the earthquakes relative to a site or fairly large area 

allows to configure the seismic scenario of an area and evaluate the risk and 

vulnerability conditions. If the monitoring activity is supported by specific knowledge 

of geological and geo-technical type, we are talking about seismic micro-zoning. 

 

3.3  Reasons for a survey project 

 Before the beginning of the field work, it is necessary to first collect all the available 

data about the site, as these will define the structure of the fieldwork and the most 

appropriate methodology to apply. Reasons for the geophysica survey are usually grouped 

in four main cathegories, although they are far from mutually exclusive (Schmidt and 

Ernenwein, 2011): 

• Field evaluation in advance of development — Geophysical techniques are used 

increasingly, in conjunction with other means of field evaluation, to provide 

information on the presence and character of archaeological remains on sites for 

which development is proposed. Since such remains must be identified prior to 

receipt of planning permission, and should in principle be preserved wherever 

possible, methods of non-destructive evaluation are now deployed whenever 

possible. Geophysical methods have found particular application on rescue 

excavations during construction work, that in some cases, results from such 

investigations have led to further archaeological research.  

• Site management — Geophysical techniques are also used to help locate and 

characterise archaeological remains which are not covered by planning 

legislation: agricultural ploughing and coastal erosion are two examples. 

Geophysical techniques can also aid the identification and characterisation of 

sites of national importance where active management, including legislative 
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protection, may be necessary. The information provided by surveys can 

significantly increase knowledge of sites and improve their interpretation and 

presentation to the public.  

• Archaeological research — Whether or not there is a planning or management 

incentive, geophysical methods are often used directly in support of specific 

archaeological research. Research objectives can include the detailed study of 

individual sites, or can be widened to address categories of monument type, wider 

research themes (e.g. early iron-working), or landscape-based studies. 

• Technical research — Surveys are also undertaken in order to research the 

geophysical techniques themselves, often in situations where there is an 

additional archaeological advantage.  

 

3.4   Survey logistics 

 Beside the already mentioned considerations to take before engaging into a 

geophysical survey, there are also others not less important, such as vegetation, 

weather, ground conditions and site logistics (Aspinall et al.,2009; Conyers, 2004; 

Gaffney and Gater, 2006). Much of the information can be collected and sorted I 

advance by visiting the site and evaluate on field conditions. One must take into 

consideration also, the season during which the first on-the-spot investigation is done 

and take into consideration seasonal changes, such as plant growth. All this together 

with archaeological, geological and topographical data, will lead to an assessment, no 

matter how qualitative, of how successful a survey might be.  

As much as the information provided by the archeologist about the geology can be 

helpful, it is difficult to generalize about the suitability of the success of the survey only 

on the basis of parent bedrock without bringing into equation also site formation 

processes. However, experience of survey over a range of geology and soils is 

something every practitioner of archaeological geophysics should consider. In practice, 

when considering the effectiveness of a technique, the type of suspected archaeology is 

as much important as the geology or topography.  

Vegetation can significantly compromise the geophysical survey and in particular 

mode data collection, due to the moisture content of the soil. Any vegetation that will 

impede the operator to move easily over the terrain with the equipment or to organize 
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grid lines, will cause problems and most probably higher noise levels and even strange 

anomalies. Wooded areas, bushes, shrubs, crops, all present problems that can be very 

difficult to overcome once at destination. For example, deeply ploughed areas are 

particularly difficult to work in as they can produce unusual effects, which can easily 

mask anomalies of archaeological interest. If the field has been harrowed, recently sown 

or the ground rolled, the problems of walking can be easily overcome, but wet, heavy 

soils will make work difficult and effect the quality of recorded data.  

  Weather conditions are almost as important as vegetation and have to be 

addressed properly. The periods of intense rainfall can results in more saturated soil and 

therefore compromise the data lowering the contrasts (Schmidt, 2009). Also, most of the 

geophysical equipment will perform well in bot sub-zero and hot temperatures, but a 

general rule of -5 and maximum of 40°C is perhaps more appropriate (Gaffney and 

Gater, 2006).  

Site logistics is another important piece of the puzzle when it comes to organization 

of a geophysical survey. Geophysical equipment is expensive and fragile and in some 

cases heavy to carry or manipulate, such as heavy metal probes for the resistance 

survey or a GPR cart. In this cases it is essential that there is a road arriving almost at 

the site and that the site itself is easily accessible and cleared as much of possible. 

Rocky terrain, narrow mountain paths and impossibility to easily transport the equipment 

to the site, can be tiring and ineffective.  

 

 

2.5  Geophysical coordinating system 

The most common method of archaeological geophysical data acquisition relies on 

regular grids. They conceptually subdivide the survey area into a raster of many small 

rectangular cells of equal size (for example 0.25 m x 0.5 m ) and a measurement is 

recorded for each cell. In practice this may be realised by walking along lines (for example 

0.5 m apart) and recording at regular intervals (for example every 0.25 m). This 

geophysics grid then forms the 'geophysics coordinate system' to which all measurements 

are related, either by indicating line and point counts or by referring to it as a Cartesian 

coordinate system with perpendicular x- and y-axes. Importantly, the resolution of the grid 
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(Figure 2.24). The relationship between positions in this geophysics grid and real location 

on the ground has to be clearly specified (using GNSS/GPS or a Total Station), otherwise 

it is impossible to link identified geophysical anomalies to their location on the ground or to 

results derived from other sources. The major advantage of a regular grid is the even 

coverage of the ground in all locations, which makes comparisons between geophysical 

anomalies in different locations possible and avoids bias in data interpretation. 

 

 

Figure 2.24 Geophysics coordinate system and grid resolution (after Schmidt and Ernenwein, 

2011). 

If data are recorded with varying spatial resolution and then interpolated back to a 

regular grid, the interpolation algorithm may introduce smooth edges or sharp corners 

where none really exist. Another advantage of recording on a regular grid is the ease 

with which the operator can locate their position, just by counting lines and recording 

points.  

One alternative to the use of a regular grid is the line data or continuous recording of 

readings while walking along straight lines. Modern digital instruments have fast 

continuous digital recording of measurements or are triggered at selected spatial 

intervals using an odometer wheel or GNSS/GPS. These data can be represented as 

continuous line graphs, or they are re-sampled to a grid with a resolution that is chosen 

to match the line data as well as possible. 
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The third option is to collect the data as non-gridded. Recording the measurements 

as well as their location (using GNSS/GPS or a Total Station) during the survey allows to 

collect data without a predefined grid. The resulting data are usually re-sampled in X- 

and Y- direction to a regular grid so that grid-based processing software can be used for 

further data enhancement. The shortcomings of individual gridding algorithms should be 

carefully considered and the mechanisms for filling gaps between data tracks taken into 

account when interpreting the results.  

As preanounced before, in order to use geophysical results for other archaeological 

investigations the location of a survey within the landscape, the accuracy is in the first 

place. In the context of archaeological geophysics, a coordinate system is based on a 

model of the physical world that allows specification of a spatial position by providing its 

coordinates. Georeferencing is best undertaken by relating the coordinate system and 

datum concerned to features on the ground (Ground Control Points, GCPs) that are 

reasonably permanent, such as a pylon, a building or a rock wall. It is also advantageous 

to select features that can be identified on maps in order to provide information for later 

coregistration. If no such features exist, the only solution may be to introduce artificial 

markers that can, hopefully, be found again in the future. Such markers may be wooden 

or plastic pegs of reasonable dimensions that are either driven deeply into the ground or 

set in concrete. Once GCPs have been selected and very carefully documented their 

relationship to the coordinate system has to be recorded. The method used will depend 

on the nature of the coordinate system and the methods available to establish it. 

Information is required on three aspects (Schmidt and Ernenwein, 2011):  

• the geophysics coordinate system (procedure used to lay out the grid, where is the 

coordinate origin, estimates of accuracies for re-establishing the grid)  

• coregistration to site grid (coordinates of control points, both in the geophysics 

coordinate system and the site grid, together with their respective accuracies; 

geophysics or site coordinates of map-features, if coregistration with a map is 

required; geophysics or site coordinates of ground features used for 

georeferencing).  

• georeferencing (description and approximate location of ground features for 

reference; distance to ground features for key points along the baselines; compass 

bearings of baselines). 
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 The most commonly used geophysics coordinate system consists of Cartesian 

coordinates with a flat horizontal model. The relationship between this geophysics 

coordinate system and the real world, however, is more complex than for the site grid. 

While the latter is simply a projection of the real space onto a horizontal plane, the 

geophysics coordinate system is determined by the physical layout of data grids, 

sometimes with tapes and strings along the ground.   

 

Figure 2.25 Mathematical grid coordinates and actual warped layout (after Schmidt and Ernenwein, 2011). 

 

It is thus warped and stretched over the undulating topographical surface (Figure 

2.25). Despite the resulting distortions in physical space, the geophysics coordinate 

system itself, as a mathematical model, is perfectly flat and rectangular. By using a 

geophysics coordinate system this model is implicitly assumed. 
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CHAPTER 3: THEORY AND METHODOLOGY II – THREE-
DIMENSIONAL SURVEYING AND MODELLING 

 

 

 3.1 THREE-DIMENSIONAL ACTIVE AND PASSIVE SENSORS 

Two of the most commonly used techniques in archaeology today are laser-scanning 

(active) and photogrammetry (passive), with great results and for different tasks such as 

3D documentation of archaeological stratigraphy (Dellepiane et al.2012; De Reu et 

al.2012), artifacts (Grosman et al. 2008; Karasik, et al. 2008; Koutsoudis et al. 2013; Lin et 

al., 2010)  and architecture (Guidi, et al. 2014; Koutsoudis, et al. 2007;  Kuznetsova et al. 

2014; Martinez, et al. 2013). Traditional methods of recording and documenting in 

archaeology ,such as free-hand drawing or photography, cannot reproduce the degree and 

detail required nowdays by researchers and conservators since they are by a nature 

subjective and limiting as they represent 3D objects in 2D supports. In this sense, the 

three-dimensional model allow to document, manage and analyse the shape and 

dimension of the investigated object of any size with a high degree of accuracy and 

resolution.  

 Both methods require a certain amount of expertise and are not strainforward or 

user-friendly and implementation of both techniques can be time consuming and can be 

rather expensive. From the economical point of view, recent and fast development of in 

computer vision, aiming at developing mathematical techniques for recovering the 3D 

shape and appearance of objects are rather promising (De Reu, et al. 2013). 

Implementation of various computer vision techniques such as dense stereo 

reconstruction algorithms in open source software packages, such as PhotoScan (Agisoft, 

LLC, 2011), Autodesk 123D Catch (Autodesk Inc., 2012) or PhotoModeler Scanner (Eos 

Systems Inc., 2012), have made generation 3D point clouds and their representation from 

photographs easy accessible even to users without technical background. When it comes 
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to generation and manipulation of points clouds, situation is different, open source 

software are scarse or non-existing and skilled user is still necessary to manipulate them. 

 Following recent technological developments, terrestrial laser scanner is 

increasingly used for collection of spatial data and can render accurate and visually 

impressive representations of land surfaces. The characteristic even more underlined 

when coupled with photogrammetry (Entwistle, et al., 2013; Fassi, et al., 2011). Laser scan 

datasets were used in the last decade increasingly also as a research tool in the 

geosciences to investigate problems in geomorphology (Dunning, et al., 2009; Rosser, et 

al. 2005; Sturzenegger, et al., 2009) and sedimentary geology (Armesto, et al., 2009; 

Pearce, et al., 2006). 

 The new method of recording had it profound influence also on the method of 

documentation in terms of visualization of excavation data during the post-excavation 

process and visualization of the archaeological heritage for a professional and wider 

audience. Precise documentation of cultural heritage is essential for its protection and 

renovation and motives for this are different: virtual reconstruction (Guidi, et al. 2014; 

Oetelaar, 2014), documentation in the case of loss or damage, virtual tourism and 

museums, educational purposes (Bustillo, et al. 2015; Rodrigues, et al. 2014), interaction 

without risk of damage (Weber, 2014), etc.  

 Graphic and metric archaeological documentation is an activity that requires the 

capture of information from different sources, accurate processing and comprehensive 

analysis and studies that combined both techniques in different ways have already been 

performed (Corchon Rodriguez et al. 2011; Galeazzi, 2015; Lambers, et al. 2006; Lerma, 

et al. 2009; Yastikli, 2007). The wide possibilities of both techniques have been 

demonstrated in registration of archaeological artifacts, sites, landscapes and architecture, 

such as archaeological prospection in heavily vegetated areas (Doneous, et al. 2008), for 

reconstruction (Fatuzzo, et al. 2011; Stojakovic and Tepavcevic, 2011), 3D models of 

prehistoric rock art (Bicho, et al. 2007; Sanz, et al.2010; Plisson and Zotkina, 2015), 

integrated with soil-chemical data (Entwistle, et al. 2009) or even for registration and 

preservation of dinosaur footprints (Holliday, et al. 2007; Romandino, et al. 2010). Moving 

forward, these new technologies can be used to create realistic virtual copies of 

archaeological features and offer potential to improve our understanding of 3D spatial 

relationships at study sites.  
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3.2   3D PASSIVE SENSORS - CLOSE RANGE PHOTOGRAMMETRY 

Photogrammetry encompasses methods which permit to acquire an accurate 

measurements of the geometric characteristics of an object, such as dimension, 

position and form, through photographs which portrays it from different angles (Kraus, 

1994; Luhmann et al. 2006; Mikhalis et al. 2001). By applying orientation processes 

and transformations of digital photogrammetry it is possible to deduce 2D and 3D 

coordinates from one or two photos (Guidi et al. 2010). The primary purpose of a 

photogrammetric measurement is the three-dimensional reconstruction of an object in 

digital form (coordinates and derived geometric elements) or graphical form (images, 

drawings, maps). The method is relatively simple and low cost and can be combined 

with topographical and empirical measurements. The data treatment is digitized also, 

and is performed implementing different computer programs, such as PhotoScan or 

PhotoModeler (Figure 3.1). When combined with accurate measurements, it can 

produce models of high accuracy for scales 1:100 or more (Pavlidis et al. 2007).  

 

Figure 3.1 Digital photogrammetric system (after Mikhail et al., 2001). 

By nature, the reduction of 3D to 2D image implies loss of information. Very often 

the there are areas of the object obscured by an obstacle or are inaccessible. Also, 

some regions can be recognized due to the lack of contrast or limiting size. Whereas 

the position in space can be defined by three coordinates, there are only two to 

available to define the position of the image. Additionally, there are geometric changes 

caused by the position of a camera during the acquisition, perspective, optical 

distortion and radiometric (color) changes.  
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Figure 3.2 Relationship between object size and accuracy for different measurement methods (after 

Luhmann et al., 2006). 

Photogrammetry has a wide variety of applications giving it strong interdisciplinary 

character and connections with other sciences, such as mathematics, physics, 

informatics, photography and computer graphics, digital image processing, computer 

aided design (CAD), geographic information system (GIS) and cartography. 

Traditionally, photogrammetry is also, very closely connected with surveying 

techniques, particularly in geography and engineering. Taking into consideration the 

size of measured object, required measurement accuracy, there is a general rule that 

close range photogrammetry applies to objects ranging from 1 – 200m in size, with 

accuracy under 0,1mm at the smaller end (manufacturing industry) to 1 cm at the larger 

end (architecture and construction industry). The following relation has been presented 

in Figure 3.2.  

 

3.2.1 Image forming 

Photogrammetry uses central projection imaging as its fundamental mathematical 

method (Lehnmann et al. 2006). The shape and position of an object are determined 

by bundles of rays in which each image point P’ together with perspective center O’, 

defines the spatial direction of the ray to correspond to object point P (Figure 3.3). 
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Figure 3.3 Principle of photogrammetric measurement (after Luhmann et al., 2006). 

 Together with geometry within the camera and location of the object in space, 

every ray can be defined in 3D object space. The most important reference location is 

the perspective center O, through which all image ray path pass. The interior 

orientation defines the position of perspective center relative to the reference system 

fixed by the camera itself (image coordination system), as well as departure from the 

central projection (image distortion). The most important parameter of the interior 

orientation is the principal distance c, which defines the distance between image plane 

and perspective center. In order to have the “ideal” imaging geometry the parameters, 

such as planar or perpendicular optical axis or the stabilized lenses.  

The fundamental property of a photogrammetric image is the image or photo scale. 

The photo scale factor m, defines the relationship between object distance h and 

principal distance c, which alternatively is the relationship between an object distance X 

in a direction parallel to the image plane and the corresponding distance in image 

space x’. This relationship can be represented as: 

m= h/c = X/x’   (3.1) 

The photo scale is deciding factor in resolving image details, as well as the 

accuracy, since very error in the image is later multiplied in the object space.  

The exterior orientation parameter specify the spatial position and orientation of the 

camera in a global coordinate system. It is described by the coordinates of the 

perspective center in the global system and three defined angles expressing the 

rotation of the image coordinate system with respect to the global system. These 

parameters are calculated indirectly, after measuring image coordinates of fixed object 
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points and their known global coordinates. Every measured image point corresponds to 

a spatial direction from projection center to object point. Object point can be located on 

the image ray and therefore determined in object space, only by intersecting the ray 

with an additional known geometric element, such as a second spatial direction or an 

object plane.  Every image generates a bundle of rays defined by the image points and 

the perspective center, in which all the rays are recorded at the same time. If all the 

bundles of rays are intersected, fit network is created with potential for great geometric 

strength.  

 

3.2.2 Digital imagery – major characteristics 

The photogrammetric procedure has been changed significantly since the 

introduction of digital cameras, even if projective geometry that is the basis of 

photogrammetry is the same whether it is applied to analog or digital photography 

(Mikhail et al. 2001). Digital photography, together with computer program capable of 

processing of great quantity of data, has brought many advantages when it comes to 

the speed of data acquisition and processing, the resolution and automation. Digital 

image processing can be also used to alter the image in very precise ways and make it 

more useful.  

 

Figure 3.4  Instantaneous field of view (IFOV) and ground sample distance (GSD) (after Mikhail et 

al., 2001). 
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Digital images are often described in terms of their pixel size, but it can also be 

described in terms of instantaneous field of view or angle determined by the pixel size 

and the focal length (Figure 3.4). In digital imaging, the pixel is a physical point on a 

raster image, forming a grid, that can be controllable in a picture represented on a 

screen. As the focal length decreases, pixel size and therefore instantaneous field of 

angle, increases. Each pixel of a digital image is the indirect or direct sample of the 

continuous light distribution. An example of indirect sampling is a scanning of an 

analog image and its conversion into a digital one. Another measure related to the pixel 

size is the ground sample distance, which is the projection of pixel size into the ground 

plane, which is usually used erroneously, as the synonym for the resolution. 

Resolution of an image on the other hand, is determined both by the sensor 

geometry and factors external to the sensor, such as atmospheric conditions, 

movement of the camera, etc. The formation of a digital image consist of two 

operations, quantization and sampling, which are directly refered to two fundamental 

properties: radiometric and geometric resolution. 

 

 3.2.2.1 Radiometric and geographic resolution  

 Radiometric resolution is the capacity of the instrument to distinguish differences in 

light intensity or reflectance. Together with spatial resolution, radiometric resolution is the 

most important measure for the characterization of digital spectral. Greater the radiometric 

resolution, the more accurate image sensor is. Radiometric resolution is routinely 

expressed as bit number, typically in range from 8 to 16 bits, and is dependent of the 

Signal to Noise Ratio of the camera. The bit stands for a number of grey-scale values 

spectral sensors can distinguish, and therefore higher the bit, the more gray-scale values 

can be differentiated by a sensor (Figure 3.5).  

 The geometric resolution is connected with the operation of sampling or for the area 

of the image corrisponding to any element of the sensor. Since the digital image consist of 

a two-dimensional matrix in which pixels are the element carring the information, elevated 

geomteric resolution refers to the generation of matrix with numbers of rows and columns, 

or great  
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Figure 3.5 Bit depth and gray levels in digital images. 

number of small pixels. The dimension of a single pixel effects greatly the quality of the 

information of the given scene and is determined by the distance and the characteristics of 

the instrument/camera. The parameter which indicates the number of pixel present at one 

unit, is expressed in dots per inch (DPI; dpi=nopixel/inch). 

 

3.2.2.2 Pixel coordinate system 

 The definiton of the pixel coordinate system is fundamental to image processing 

methods used for measurement. Conventional processing usually adopts and xy system or 

rows and columns related to the display of the image on the computer monitor (Figure 

3.6). The origin of the system is located in the upper left corner and the first image element 

has the the row and column 0,0. When an object is imaged by a sensor characterized by 

such a grid, each pixel acquires a pixel value corresponding to the local image brightness 

across its area.  

 

Figure 3.6 Definition of pixel coordinate system (after Luhmann et al., 2006). 
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 If the intensity is transformed in only two numbers, 1 and 0, it means that it can 

represent only black (1) or white (0) using only one bit. If the intensity is , on the other 

hand, represented in 256 numbers, 256 levels or radiance between 0 (black) and 255 

(white) and the resulting image will be in different intensities of gray or color (Table 3.1). 

Color images have three channels and are defined by the following relation:  

Gc={g1(i,j), g2 (i,j), g3 (i,j)}, 

where the functions g1 (i, j), g2 (i,j) and g3 (i,j) can represent three levels Red, Green and 

Blue (RGB) or Cyan, Yellow, Magenta and Black (CYMK). For this images, is said to be on 

three levels since every color is the result of overlapping of three primary colors, during 

which saturation of every is represented with a value between 0 and 255.  

n° bit n° byte DN Type of image 

1 (1/8) 2 Black and White 

8 1 256 Gray or color scale 

16 2 65536 64K colors 

24 3 16777216 RGB 

 

Table 3.1 Different types of digital image on basis of their radiometric content. 

Since human eye can distinguish about 60 shades of gray, this pixel level depth is 

sufficient for a visual representation of images. True color images are usually stored with 

24 bits per pixel, 8 bits for each red, green and blue color channel. A multispectral image 

may have 4 – 40 bands, while hyperspectral image may have 200 or more. Due to the 

pixel dimension and characteristics of the camera, an object can cover more than one 

pixel, which leads to possible subpixel level if the position can be interpolated over several 

pixels. This happens in order for imaged object to be detected or processed.  

  The resolution of moden digital cameras is measured in megapixels or million of a 

pixel. Since pixels are usually square and for a grid meaning that 1 megapixel camera will 

produce an  
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Figure 3.7 Diagram of common sensor resolutions of digital cameras including megapixel values. 

image about 1200 pixels wide and 900 pixels high. High megapixel cameras are especially 

useful for the images destined to be processed and viewed on computer screens and for 

printing. Photos with more megapixels are greater in size and therefore can be more 

complicated to process (Figure 3.7).   

 

 3.2.2.3 Digital camera sensors  

 Digital camera is the system of direct image acquisition, given that the optical 

sensor is fixed component. Modern digital cameras have two types of sensors: CCD 

(charge coupled device) and CMOS (complementary metal oxide semiconductor, Figure 

3.8a). Present day models also incorporate a small computer inside the body (CPU – 

central processing unit) which controls in light speed exposition measurement and lens 

focus (Figure 3.8b).  

      

Figure 3.8 a) CMOS sensor (Nikon D5500) b) CPU unit (Nikon D5500). 
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 Inside the camera body, signals  registered by the sensor are digitized before being 

processed and transformed in image saved in a specific file format. The characteristics of 

an digital image cannot be changed by alternation or substitution of a sensor, since the 

characteristics have been fixed by the manufacturer even if it is possible to bring changes 

later during the post production. For example, the number of the pixels are fixed by the 

sensor resolution. The sensor also has a characteristic sensibility, equivalent to the ISO of 

the film. To accommodate great quantity of variations of lightning conditions, analog signal 

captured by the sensor comes digitilized with a gain (form of amplification) to rise apparent 

sensitivity. In the same time, white balance (digital mechanism which addresses the 

problem of different 

 

Figure 3.9 Diagram of a generic digital camera (after Langford and Bilissi, 2010).  

color temperatures), comes risolved during the elaboration of the signal (Figure 3.9). In 

both cases original sensibility of the sensor remained unchanged and all variations are the 

result of mathematical operations. The position of a sensor inside the camera body is 

exactly where the analog film should fit. Principal characteristics of CCD sensors are: 

• require a lot of energy 

• slower readin/out operations 

• electrical charges are accumulated consecutively and transferred together during 

the conversion in digital signal 
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• high quality images 

On the other side, the principal characteristics of CMOS sensors are: 

• electrical charges are apmlified for every pixel (not for all like with CCD sensors), 

meaning that they represent minor uniformity of the output 

• possibility to read only one part of the image 

• eevery chip sends already digital signal in ouput 

• minor light sensitive area compared to CCD 

• consume circa 1/5 of the normal CCD chip 

• fast acquisition 

• greater sensor dimensions 

Most of the adjustmens are identical to analog cameras, with the difference that 

digital ones have a level of complexity much higher. Sensors are capable of captuirng light 

thanks to their semiconductive nature. Both, CCD and CMOS sensors are constructed 

starting with silicon which is gradually enriched with precise quantities which are making it 

more sensitive to light. Once exposed to light, small electrical charges are created on its 

surface, proportional to the quanity of light received. The wavelenghts less than 1100 nm 

which arrives to semiconductor goes absorbed and foton are transformed into electrons. 

This happens because fotons provide energy necessary to remove electron from atom of 

silicon. Light with wavelenghts less than 380nm is practicaly blocked, while the one over 

1100nm is able to pass it without problems. This information goes converted into binary 

data which together form the image. Digital sensor are capable to react to a broad range 

or light rays, among which also X rays and infrared, however the ones for digital cameras 

are designed to maximize performances for visible spectre or for wavelenghts between 

380 and 700 nm (Langford and Bilissi, 2010).  

 

  3.2.2.4 Capturing color 

 All digital sensors can capture colors overlying a grid of colour filters (color filter 

array – CFA). The most common scheme is the Bayer grid which consists of a serie of 



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

82	  

filters RGB in which greens are doubled, compared to blues or reds. Beside Bayer scheme 

there are also others, used by certain manufacturers in their cameras (Figure 3.10). Light 

that arrives to pixels will carry only the wavelength, which is able to pass the applied color 

filter. Generally, this information corresponds to the filter scheme to a single chromatic 

channel. To obtain all the intermediate colors, different pixels have to be interpolated with 

the neighbouring ones belonging to the different chromatic channels, using the bilinear 

interpolation. This process in necessary to obtain RGB images and it’s known as 

demosaicing.  

 

Figure 3.10 Different color filters for optical sensors: a) Bayer scheme; b) complementary color scheme; c) 

RGBE scheme (Sony); d) RGBW scheme (Kodak) – R –red; B – blue; C – cyan; M – magenta; Y – yellow; E 

– emerald; W – white (after Langford and Bilissi, 2010). 

 Demosaicing is a process necessary to produce an color image perceivable to the 

human eye. Before the process of demosacing begins, the image goes memorized as a 

RAW file. RAW file are named so because they are not yet processed most similar to a 

film negative. In order to be processes further, RAW file has to be converted to a “positive” 

file format, such as TIFF or JPEG. Working with RAW files gives the major control over the 

image quality, giving than demosaicing happens in a separate application, which consents 

greater control over the data treatment. Demosaicing, like any other process of 

interpolation, produces some level of bluriness, a reason for which every camera includes 

forms for clarity increase.  
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  3.2.2.5 File format 

As previously mentioned, the most common file formats today are RAW and JPEG 

(Joint Photographic Expert Group), and in smaller extend also TIFF and PSD. Elaboration 

of the images to be used as texture, includes the phase in which various image  parts to 

apply to the geometry, are cropped, balanced and with resolution reduced in a way to 

meet the process of post production. During all the phases of the post production, it is 

necessary that file format is suitable and doesn’t allow any loss of information compared to 

the strating image, which is the of the major importance for the photogrammetric purposes. 

Loss of information can occur not only in certain data compression methods, but also by 

using an insufficient depth of pixel values. Additional characteristic very helpful during the 

elaboration is defined by layers, not supported by all file formats. Among numerous file 

formats, TIFF (Tagged Image File Format) and PSD (PhotoShop Data) are the ones 

supported by the most grafic softwares present on the market today, which preserve the 

levels.  

 At the end of the post production, the final image can be esported as another file 

format, even with the loss of detail which will make its transfer and usage much less 

difficult. Other formats can be also considered in the field of textring, less comune and less 

advantaged, such as PNG (Portable Network Graphics) which supports opacity (alpha) 

channel. Prefered by the photographers, RAW files is not suitable for three-dimensional 

modelling since it represents a binary file without compression and it cannot be read 

correctly without recording separately the original image format, in rows and columns.  

 

 

3.2.3 Image based 3D modelling  

 Acquiring complete, realistic and detailed 3D model from images, still today is a 

difficult task, no matter great improvements in the field of computer graphics. This happens 

because the final product always first depends from the operator its experience and 

competences. Wrong survey procedures can lead to bad quality images and later to 

innacurate and deformed results. Also, because of wide baseline between the images, 

user interaction in the point measurements is always required. The research activities in 
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terrestrial image-baesd modelling can be classified in three groups (Romandino and El-

Hakim, 2006): 

1. Approaches that try to obtain a 3D model of the scene from uncalibrated images 

automatically – The fully automated procedure has been one of the major topics 

when it comes to image-based modelling (Lowe, 2004; Pollefeys et al., 2004). It 

starts with a sequence of separated images taken with uncalibrated camera and 

than automatically extracts points of interest matching them sequentially across 

views and than computes 3D coordinates of the matched points using robust 

techniques. In order the procedure to succeed, successive images must not vary 

significantly meaning that the must be taken in short intervals. This is done on a 

projective geomtery basis and usually followed by a bundle adjustment. The auto 

calibration is done in order to obtain metric reconstruction from the projective one 

and used for automatically generated 3D model of the object. These approach 

requires a highly structured images with good texture, high frame rate and uniform 

camera motion. Usually this procedure is generally reliable and limited to find 

camera correspondences even if post-processing operations are often required.  

2. Approaches that perform a semi-automated 3D reconstruction of the scene from 

oriented images – Much more common and particularly in the case of complex 

geometric objects. It requires more interaction when it comes to the definition of 

topology, followed by editing and post-processing of 3D data. The output model 

based on measured points, usually consists of surface overlapping and irregular 

boundaries and needs some assumptions in order to create a correct curface 

model. This approach proved to be especially effective in creating geometrically 

accurate and realistic 3D models.  

3. Approaches that perform a fully automated 3D reconstruction of the scene from 

oriented images – The 3D object reconstruction, based on object constraints is fully 

autmated, while the orientation and calibration are performed separately, 

interactively or automatically. Most approaches employ the model-based 

recognition technique and strong costraints in order to extract high-level models in a 

single image and than use their projection onto other one for the verification. The 

technique also employs constraints, such as perpendicularity, in order to improve 

matching process. After a semi-automated image orientation, a multi-photo 

geometrically constrained matching process is used to recover a dense point cloud. 
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The surface is measured using multiple images and simultaneously deriving the 3D 

object coordinates.  

Although precise calibration and orientation procedures are still necessary, suitable 

commercial packages (for example PhotoModeler, PhotoScan) which enables sensor 

calibration and orientation data and 3D object coordinates, as well as wire-frame or 

textures 3D models from multi-image sets. Image base modelling consist of several overall 

steps: design (sensor and network geometry), 3D measurements, structuring and 

modelling and texturing and visualisation.  

 

 
3.3  3D ACTIVE SENSORS – TERRESTRIAL LASER SCANNER 
 

 
 Laser is acronym for Light Amplification by Simulated Emission of Radiation, and it 

refers to the principle of generation of a laser beam. The laser bean is a form of 

electromagnetic energy, just like visible light, and while in the case of the visible light 

fotons are issued in all directions whith different wavelenghts, laser light (monochromatic) 

travels with a fixed wavelenght concetrated in a single beam. Laser scaners can be 

considered advanced geodetic stations, used to measure topographic quantities. They can 

measure the direction of a fictional optical line joining the characteristic points on the 

surface of the object, to a reference point on the measuring device (Pavlidis, et al.2007). 

Additionaly, these scanners can estimate their distance from these points and by applying 

the known triangulation principle they produce Cartesian coordinates automatically. The 

main advantage of laser scanner systems is high accuracy, speed and large volume of 

data. The disadvantage is still elevated cost of the instruments and therefore of the survey 

and need for skilled operator. It can be applied to practially any kind of object, small and 

large, but can experience interference from very bright light. On the basis of dimesnions of 

the object and distance between the object and the scanner, scanners can be divided on 

ones base on the principle of triangulation (for small and medium sise objects, less than 

one square meter) and time of flight (for large objects).  
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 3.3.1 Triangulation measurement principle 

 The measurement principle of these lasers is the same as triangulation 

mesurements in topography, but employing laser light to determine the shape and position 

of an object,  using a camera to locate the laser line it projects. They are so named 

because the sensor enclosure, the emitted laser and the reflected laser light form a 

triangle (Figure 3.11). This lens is typically located adjacent to the laser emitter. The lens 

focuses an image of the spot on a linear array camera (CMOS array). The camera views 

the measurement range from an angle that varies from 45 to 65 degrees at the center of 

the measurement range, depending on the particular model. The distance between the 

sensor and the laser is called baseline (b), while the distance between the sensor and the 

lens is called focal distance (f). On this way is created a trace at offset point regarding the 

optical center of the system with distance p.  

 

Figure 3.11 Triangulation measurement principle (after Guidi et al., 2010). 

If the system was previously calibrated it is possibly to know in advance the 

inclination of a light source  (α) and the baseline.  The estimation of the focalized point on 

the sensor plane consent to measure distance p, through which is possible to calculate 

angle β using the equation: 

tanβ = p/f   (3.2)  
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Figure 3.12 Evaluation of the coordinates for triangulation (after Guidi et al., 2010). 

 Once the parameters b, α and β are known, is created a triangle with known bases 

e two angles at the base (90°-α and 90°-β), making it possible to calculate all other 

parameters (Figure 3.12). Using the trigonometric operations it is possible to determine 

distance zA between the light source and the point on object A. This distance also called 

range, is the most critical parameters since it gives the name to the instrument and can be 

written as: 

zA=b/tanα+tanβ   (3.3) 

Multiplicating this value for tangent of α, it is possible to determine horizontal coordinate 

xA: 

xA=zAtanα   (3.4) 

it is possible to note, that y coordinate doesn’t appear on any of the figures. This happens 

because this type of sensor can be reduces to single line/coordinate (array) of 

photosensitive elements and not on pixel coordinate system as with modern digital 

cameras. The y coordinate can be determined in advance mounting different lenses. The 

size of surveyed area, is defined by the system itself, or the light source and the lens. A 

camera with fixed lenses, is defined by the focal length, which depends on combination of 

focal length of the lens and the aperture. To use in most efficient way the area, it is 

advisable to focus the laser in that area, with the central point unchanged. Range 

dimension can be amplified subsequently by inclining the sensor from the lens plane, 

following the Scheimpflug’s principle (Prasad and Jensen, 1995). Normally, the lens and 

image (film or sensor) planes of a camera are parallel, and the plane of focus is parallel to 

the lens and image planes. If a planar subject (such as the side of a building) is also 
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parallel to the image plane, it can coincide with the plane of focus, and the entire subject 

can be rendered sharply (Figure 3.13). If the subject plane is not parallel to the image 

plane, it will be in focus only along a line where it intersects the plane of focus (tilt-shift 

effect) (Figure 3.14).  

 

Figure 3.13 Scheimpflug’s principle. 

 

Figure 3.14  a) Effect tilt – shift; when the subject is not parallel to the image plane, only a small region is in 

focus; b) Blue intensity qualitatively represents the degree of image sharpness at a given distance. 

Actual depth of field can be unequally distributed to either side of the focus plane 

(http://www.cambridgeincolour.com/tutorials/tilt-shift-lenses). 

 The same principle is applied to some sensor is order to extend the focal zone over 

the aperture limits of the camera, in a way that first planes of a sensor, lens and object 

converge in unique web. The planes are saw as section and represented as lines with the 
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Scheimpflug line, is the point of intersection. On this way all the elements of the image are 

in focus no matter the inclination of the camera and aperture. The same scheme can be 

extend from a single point to a aligned multiple points, which together form a segment.  

 The same principle is applied to scanners use either a laser line to scan across an 

object. A sensor picks up the laser light that is reflected off the object, and using 

trigonometric triangulation, the system calculates the distance from the object to the 

scanner. The distance between the laser source and the sensor is known very precisely, 

as well as the angle between the laser and the sensor. As the laser light reflects off the 

scanned object, the system can discern what angle it is returning to the sensor at, and 

therefore the distance from the laser source to the object’s surface. 

Structured light scanners also use trigonometric triangulation, but instead of looking 

at laser light, these systems project a series of linear patterns onto an object. Then, by 

examining the edges of each line in the pattern (distortions), they calculate the distance 

from the scanner to the object’s surface (Figure 3.15).  

 

Figure 3.15 Measurement using structured light. Different light patterns of the Gray sequence, with 

increasing black and white variation frequency: a) no variation; b) minimal frequency; c) medium frequency; 

d) maximum frequency (after Guidi et al., 2010). 

Essentially, instead of the camera seeing a laser line, it sees the edge of the 

projected pattern, and calculates the distance similarly. The types of light used in 
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structured light scanning include both white light and blue light. Although both options are 

effective in terms of accuracy and speed, blue light offers some benefits over white light in 

certain situations because it typically has more portable equipment, An LED light source 

that lasts longer, a cooler operating temperature than white light and higher tolerance for 

scanning in a room with other light sources. Regardless of whether you use white light or 

blue light, the concepts behind the technology remain the same.  

   

3.3.2  Time-of-flight measurement principle 
 

 Generally, TOF ranging systems use pulsed modulation (MOR) or continuous (CW) 

modulation of the light source. The TOF laser scanners emit a pulse of laser light that is 

reflected off of the object to be scanned. The resulting reflection is detected with a sensor 

and the time that elapses between emission and detection yields the distance to the object 

since the speed of the laser light is precisely known. This is written as: 

z=c*τ/2  (3.5) 
where c is speed of light in vaccum and τ time of flight. Because of speed of light and 

extremely fast time-of-flights means that these systems have a  measurement uncertainty 

that hardly never goes under 2mm, which is much higher than triangulation measurement 

systems which is 0.1mm. This is why these system are employed for big objects and for 

which absolute err0r of couple of milimeters is not that signifcant. The time-of-flight 

systems are in general refered to as LIDAR systems (LIght Detection And Ranging) which 

use a light source and a detector incorporated inside the same body. There are different 

strategies to measure 3D coordinates exploiting propagation delay: direct measurement, 

indirect measurement and phase-shift measurement.  

Until two years ago, TOF (time-of-flight) and PS (phase-shift) technologies could 

hardly be considered side by side comparable, at least under equal terms and 

requirements. The first enables much longer ranges, while the latter dominated the short 

distances producing more accurate data with very high acquisition rates. Today, in a sort 

of convergent career, the scope of phase-shift technology has grown to near 200 meters 

and the time-of-flight team have been increasing their speed to figures as 100,000 points 

per second (San José Alonso, et al. 2011).  
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  3.3.2.1 Direct time-of-flight measurement 

  

 In direct TOF measurement the light is substituded with the short impuls transmitted 

to the surface to measure and converted through received in electric sygnal proportional to 

the light intensity (Figure 3.16). This method is also called pulse way (PW). The time 

needed for the impulse to cover the distance between sensor and surface of the object is 

measured in fractions of a second and the two-way travel time of the light impulse can be 

easily expressed as: 

2r= TOF*c    (3.6) 
r= TOF*c/2            (3.7) 

 The precision of distance estimation is directly dependent of the estimate of the 

TOF, which can be affected due to the numerous electronic and optic noise during the 

return flight. Optic noise is caused by contributions of light produced by overlapping paths 

characterized by different lengths and irregularities of luminous intensity. From the 

electronic point of view, the estimated delay consist of a meter activated by the transmited 

pulse (tx), and stopped by the received pulse (rx). To define the exact moment of pulse 

arrival a treshold equal to 50% of the maximum pulse strenght  is set.  

 

 
Figure 3.16 The functioning of a LIDAR system based on direct TOF measurement (pulse way method). The 

structure of the transceiver system of laser pulse (modified from Guidi et al., 2010). 

 

 

The electronic noise is generally  generated as pixel replacement error, or raster 

distortion of some form, connected with pointing of the laser beam at the object and 

depositing of a data on a binary file (Marshall and Stutz, 2012). To have a high accuracy of 

distance using the lidar, a high intensity measured signal should be received because the 
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intensity determines the signal to noise ratio. These systems are less accurate than the 

previous ones based on triangulation, but it can operate in a much wider range, have great 

acquisiiton speed (around 12 000 points/sec) and are relatively constant accuracy for the 

entire duration of the survey.  

 

 

  3.3.2.2 Indirect time-of-flight measurement 

 

 In the indirect TOF method, the distance can be determined by using a phase shift 

of a modulated light with either a sinusoidal signal or a pulsed signal . Since the time 

interval can be obtained by the phase difference, it does not need techniques that the 

direct TOF method requires (Jang, et al. 2013). The distance traveled by light can be 

obtained on the basis of the phase difference between the reference signal and the 

measured signal (Figure 3.17).  

 

 
Figure 3.17 The functioning of a LIDAR system based on indirect TOF measurement (amplitude modulation 

method). The structure of the transceiver system of laser pulse (modified from Guidi et al., 2010). 
 

When light travels a distance r, light reflected from an object is delayed by the 

phase, φ. The phase difference between the reference and measured signals is 

proportional to the distance traveled. When the modulated frequency of the reference 

signal is f, the distance r is obtained in terms of phase φ and f as: 

 

r=c/2f*φ/2π  (3.8) 
  

where c (=3 x 108 m/s) is the speed of light.  
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The modulation frequency of the signal is inversely proportional to the distance. 

Therefore, maximum measurable distance and distance resolution are determined by the 

modulation frequency. In other words, when a higher modulation frequency is used, a 

shorter measurable distance and a higher distance resolution can be obtained.  

 

 

 3.3.3  Accuracy of laser systems 
 
 The appearance of the Terrestrial Laser Scanners (TLS) or 3D Scanners in 

Heritage recording has been relatively recent and it is submitted to a constant evolution 

determined mainly by the big technological advance in fields like Optics, Signal 

Processing, Electronics and Computer Science. As they have become popular so 

suddenly, it is essential to study the behavior of these evolving devices in a variety of 

scenarios to support an accurate assessment of their capabilities. When raising a question 

about the accuracy of laser systems, it is necessary also to talk about the repeatability, 

since the valutation of accuracy doesn’t come through single measurement point, but 

rather the union of several scans (point clouds). What is obtained is a redundancy in the 

measurement of a surface, but not of the single point. Due to this, each point has only 

precision value determined by the propagation of measurement errors, the angle, the 

distance and other parameters that influence the individual measurement. The accuracy 

specifications given by laser scanner producers in their publications and pamphlets are not 

comparable. Experience shows that sometimes these should not be trusted and that the 

accuracy of these instruments which are built in small series varies from instrument to 

instrument and depends on the individual calibration and the care that has been taken in 

handling the instrument since. In recent years different authors have carried out different 

control tests to confront precision and performance of different instruments (Boehler and 

Marbs, 2005; San José Alonso, et al. 2011; Alkan and Karsidag, 2012).  

 The raw product of all laser scanners are the point clouds, they represent the 

object's surface by a discrete sampling of 3D pixels captured by different principles of 

measurement. The accuracy of this technology will rely not only on the resolution of 

discrete points that are generated, but also the ability to interpret correctly the objective 

surface topography. As with all surveying instruments, errors can occur in the results from 

TLSs this can be for many reasons such as environmental factors, surface permeability of 

the surveyed object and the roughness of the surface.  



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

94	  

 As explained better in previous chapters, the laser pulse is deflected by a small 

rotating device (mirror, prism) and sent from there to the object. The second angle, 

perpendicular to the first, may be changed using a mechanical axis or another rotating 

optical device and any errors caused by the axes/bearings or angular reading devices will 

result in errors perpendicular to the propagation path. Errors can be detected and angular 

accuracy increased, by measuring short horizontal and vertical distances between objects 

(e.g. spheres) which are located at the same distance from the scanner and comparing 

those to measurements derived from more accurate surveying methods.  

 When it comes to range accuracy and in the case of ranging scanners, range is 

computed using the time of flight or a phase comparison between the outgoing and the 

returning signal. Triangulation scanners solve the range determination in a triangle formed 

by the instrument’s laser signal deflector, the reflection pointon the object’s surface and 

the projection center of a camera, mounted at a certain distance from the deflector. 

Ranging errors can be observed when known distances in range direction are measured 

with the scanner. If scanners are not equiped with a defined reference point, called also 

forced centering, it is possible to measure only range differences between the targets. The 

distance between two points will be influenced by the presence of systematic error, 

present in any spatial distance mesurement, which can further vary on the basis on the 

reflective material. This is the main reason why a generally accptable calibration and 

certification of laser scanners is not possible.  

 When it comes to laser scanners, the term “resolution” is used to describe the ability 

of the instrument to detect small objects or object features in the point cloud. Two different 

laser scanner specification contribute to this ability: the smallest possible increment of the 

angle between two successive points and the size of the laser spot on the object manualy 

set. Another source of error comes from the fact that ranging and triangular scanners 

produce a varity of “wrong” points in the vicinity of edges. When the laser spot hits the 

edge, only a part reflects back to the receiver while the rest may be reflected from the 

adjacent surface, a different surface or even not reflected at all. These “wrong” point are 

usually to be found on the ray from the laser deflection point in the instrument through the 

edge point, behind the edges. The range error may vary from fraction of milimeter to 

several decimeteres.  

 One of the most important factors to take into consideration during the laser 

scanner survey, is the influence of surface reflectivity since it can seriously compromise 

the final result. White surfaces will yield strong reflections, whereas the reflection is weak 
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from the black surfaces. The efects of colored surface is strongly influenced by the 

spectral characteristics of the laser itself. Surface with different reflectivity result in 

systematic error in range, and for some materials these errors can reach amounts several 

times larger than the standard deviation of a single range measurement. For objects 

consisting of different materials, multi-coloured or shiny, serious error can be always 

expected.  

 Environmental conditions, such as temperature, atmosphere and interfering 

radiation, are maybe one of the most important factors when it comes to laser scanner 

survey. Temperature inside the laser may be far above the outside temprerature due to 

internal heating or external radiation (sun) and may show systematic changes over time 

causing deviation especially in the distance measurements. The change of propagation 

speed of light due to the temperature and pressure variations affect especially long range 

reading. Also, dust and steam present on the location can very often cause effects very 

similar to the edge effect. Interfering radition from various illumination sources is strong to 

the compared signal and can be partially resolved with the application of particula filters 

allowing only the limited frequency band to reach the receiver. If some objects are 

scanned against the sunlight or a bright spotlight, the optical receiver of the instrument  

can be dazzled so heavily that in this area no measured data is recorded resulting in 

"black hole" that appears in the reflectance image. 

 

  

3.4 INSTRUMENTATION 

 
 3.4.1  Canon EOS 7D Mark II 

Canon EOS 7D II is a cutting edge DSLR (Digital Single Lens Camera) an upgrade 

of already excellent 7D by applying truly pro-grade autofocus to one of its best-built bodies 

(Figure 3.18). The main image sensor is a variant of the Dual Pixel "DIGIC 6" AF design 

(150,000-pixel RGB+IR 252-zone metering sensor for enhanced precision) seen in the 

Canon EOS 70D, which means 20,2 MP output. It also means the camera is able to 

capture information about both subject position and depth whenever its mirror is up, using 

its image sensor. This can potentially provide more decisive autofocus and subject 

tracking in 'Live View' and while  
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Figure 3.18 Canon EOS 7D Mark II body. 

shooting video. Improved 65-point wide-area autofocus is a “cross-type”, meaning it can 

lock on to both horizontal and vertical detail quickly and accurately. To assist shooting in 

extreme low light conditions 7D Mark II can focus even under moonlight conditions where 

light levels can be as low as -3EV. For consistent, accurate exposure metering the EOS 

7D Mark II uses a 150,000-pixel sensor to split up the scene into 252 areas. Each one is 

analysed and the correct exposure settings are either set automatically or recommended 

to the photographer. Infrared light is measured as well as light in the visible part of the 

spectrum, for greater accuracy in difficult lighting conditions. The camera's continuous 

shooting rate is 10 frames per second and shutter rated to survive up to 200,000 cycles. 

The EOS 7D Mark II delivers high  image quality at ISO sensitivities up to ISO 16,000 

(expandable to the equivalent of ISO 51,200) and especially between ISO 100 and ISO 

1600 and are available in 1/3 stop settings from 100 through 16000 (1/3 stop over the 

even 12800 setting).  

 

  3.4.2 Leica ScanStation C10 

 Leica ScanStation C10 comes from the industry’s most popular class of laser 

scanner, ScanStation, as all-in-one platform with scanner, battery, controller, data storage, 

and video camera (Figure 3.19). In addition, ScanStation C10 also features major 

advances in productivity, versatility, long range scanning and ease-of-use for as-built and 

topographic High-Definition Surveying.  Full 360º x 270º field-of-view, high accuracy, long 

range (300m, 90% reflectivity), and high scan speed (50 000 points/sec) makes the 

ScanStation C10 one of the most versatile scanner today in use. 
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Figure 3.19 Leica ScanStatio C10. 

 

 Thanks to the new Smart X-Mirror design that automatically spins or oscillates the 

mirror for optimum productivity. Smart X-Mirror also automatically aligns the embedded, 

high-resolution video camera with the laser for fast targeting and fast, accurate texture 

mapping of scans. The ScanStation C-10 by Leica-Geosystems uses the LIDAR “time of 

flight” principle for ranging. A short laser pulse is emitted towards the object and is 

reflected on its surface; a part of the reflected radiation comes back to the scanner where 

it is detected by a sensor. As the light-speed is well known and time elapsed between 

emission and reception of the pulse can be measured (or inferred from a different 

magnitude measurement), the range to de object can be determined by half of the round-

trip distance.  
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CHAPTER 4: CASE STUDY – FUMANE CAVE (VERONA, ITALY) 

 

 

4.1 HISTORY OF RESEARCH  

The site is located at 350m above sea level, in West Monti Lessini in the north-

eastern Italy on the left slope of a small tributary valley. (Figure 4.1). The site was known 

since 1884 when it was first reported by Stefano de Stefani and known under different 

names such as I Osi (Bones), Sengio Merler and Stazione della Neve (Pasa and 

Mezzena, 1964). But, even the site was known for such a long time, first archaeological 

intervention was in 1964, during the widening of old road to Molina and comissioned by the 

Natural History Museum of Verona under the supersvision of Giovanni Solinas who 

discovered and reported the exposed stratigraphic section and numerous animal bones 

and flint tools. 

 

Figure 4.1 The position of Fumane Cave 
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Since that moment the site was known as Riparo Solinas and will remain in use until 

1995 when the actual name, Fumane Cave (Grotta di Fumane) has been adopted. During 

the sam intervention, Prof. Angelo Pasa and Franco Mezzena sistemated the section and 

cut it back by a meter. Also, in order to protect the site, it was decided to build a protection 

wall parallel to the road, which nevetheless didn’t prevent looting and illegal digings which 

seriously damaged lower archaeological layers and Middle Paleolithic fireplaces 

(Cremaschi et al. 1986). In 1982 damaged archaeological layers have been cleared by the 

Natural History Museum of Verona, while in 1988 begun first sistematical archaeological 

investigation of the site promoted by Superintendence of Veneto and coordinated by the 

University of Ferrara and Milan under the supervision of Prof. Alberto Broglio e Mauro 

Cremaschi (1988-89). In the late 1980’s Broglio and Cremaschi described the intermedial 

and top layers and at the beginning of 1990’s started the cleaning of the debbris of 

landslide which was gradually removed until 1995, revealing the cave mouth and three 

channels opening from the atrium (Cremaschi et al., 2005). In 1999, and than again in 

2000-2001, small intervention outside the main excavation area has been performed in 

order to recuperate archaeological material such as flint tools and faunal remains. Since 

than, numerous archaeological campaigns have been performed in the agreement with the 

Superintendence of Veneto, Mountain Community of Lessinia, Regional National Park of 

Lessinia, Municipality of Fumane and for a short period with Municipality St.Anna 

d’Alfaedo.  In 2005, large protection roof was installed in order to protect the site, to which 

was added a metal bar fence in 2006.  

The complex was a vast cavity with walls still partially visible and connected with the 

upper floors by three tunnels excavated into micritic bank labeled as A, B and C (Peresani 

et al.2011). While tunnels A and B comprise the main shelter zone and have been 

investigated, the tunnel C is still unexplored (Figure 4.2). The sandstone that partially 

protects the main shelter and overhangs the cave had to fixed with iron rods due to the 

fractures disposed almost parallel to the rock making it highly unstable. Intense fissuring 

and the debris of landslide registered in macro-unit D, suggest that the original entrance 

was placed few meters further.  

During the geophysical and topographical surveys performed at the end of 2013 

excavation campaign, the wall that was closing the tunnel B has been partially removed 

(Figure 4.3).  
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Figure 4.2 Channels A,B and C openning towards main shelter zone and the excavation grid (modified from 

Jequier, 2014). 

 

Figure 4.3 The wall closing the channel B partially removed uncovering stratigraphic sequences that 

preserves Aurignacian layers.  

CHANNEL	  B 

CHANNEL	  C 

CHANNEL	  A 	  
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 The archaeological campaign of 2013 has ended with the completed exploration of 

layer A9 and exposure of level A10 in the main excavation area. Scattered in the sediment 

were found shards of flint and bones of herbivores such as deer, megaceros, deer and 

ibex.  

 

4.2 ARCHAEOLOGICAL SETTING 

The Fumane Cave is regarded as one of the most important prehistoric sites of 

Europe due to its impressive stratigraphic sequence which comprisses the environmental 

and human history of the Valpolicella region for more than 50 000 years and for the 

understanding of the mechanisms that led to the affirmation of the Anatomically Modern 

Man in Europe around 40 000 years ago (Bradtmoller, et al. 2012) After almost three 

decades of a systematic excavation numerous layers has been esposed with evidence of 

seasonal occupation dating back to the final Middle Paleolithic. Excellent state of 

preservation of  structures and stone and bone material has provided a solid basis for a 

the reconstruction of cultural formation processes.  

The site is excavated on 1x1m squares, which are further divided on smaller 

33x33cm (Figure 4.2). All the findings are positioned using the total station or from flotation 

and wet sieving. During the removal of anthropogenic layers and structures, soil samples 

were colected and preserved for the later micromorphological, microstereoscopical and 

other laboratory analyses. All the layers and structures are also photographed, drawn with 

the stratigraphic relationship with the other underluying and overlying units, mapped and 

described in detail before proceeding forward. Each structures was in addition  partially 

excavated in order to examing the stratigraphy and possibly take samples (Peresani et al. 

2011).  

 Partially explored in 1992, the whole complex preserves a sedimentary sequence 

12m tall and divided in four major macro-units (phases) labelled with capital letters S, BR, 
A and D (Cremaschi et al., 2005). Systematic excavations carried out from 1988, revealed 

numerous Mousterian, Uluzzian and Aurugnacian living floors finely separated between 

them with rich archaeological record made of lithic implements, faunal remains, painted 

stone, ornamental objects and man made structures,  present throughout the stratigraphic 

sequence (Jaquier, 2014; Peresani, 2009; Peresani et al. 2011a, 2011b,2011c, 2013).    
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Figure 4.4 a) Composite stratigraphic columns of Fumane. The location of the dated samples is 

indicated. Column is not to relative scale; b) Images representing the nature of archaeological remains 

discovered (modified from Douka et al., 2014 and www.grottadifumane.eu).  

More intense occupation has been documented in the macro-unit A further divided 

in several micro-units A1-A13. Mousterian living floors are recorded in micro-units A11, 

A10, A9 (+A8), A6-A5, while the Uluzzian and Proto-Aurignatian are recorded in A4, A3 

and A2,A1 (Figure 4.4). 

Mousterian is an Middle Paleolithic complex, which in Europe ends around 40 000 

BC, characteristic for the presence of Neandertal. The Mousterian sites in Portugal and 

Iberic Peninsula,  are dated at 28 000 BC and are the most recent discoveries that can be 

atributed to Homo neandertalensis. The presence of Neandertal at Fumane Cave has 

been confirmed by lithic industry and implementation of Levallois technology of knapping 

all dated between 46 000 and 44 000 BC (Bartolomei et al. 1991, 1992; Broglio and 

Dalmeri, 2005; Broglio at al. 2005; Cassoli and Tagliacozzo, 1994; Fiore et al., 2004; 

Peresani, 1998, 2012; Peresani et al. 2008; Tagliacozzo et al., 2013). The end of Middle 

Paleolithic has been marked by the presence of numerous different transitional industries, 

with regional characteristics and distribution. At Fumane has beem identified Uluzzian 

which is characteristic for Italy and sporadicaly present in Greece (Peresani, 2008). Italian 
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Uluzzian sites are dated between 43 000 and 41 000 BC (Higham et al., 2009). The 

deposit of Fumane Cave also documents main climatic events and environmental changes 

occurred in the region of Valpolicella for the last 90,000 years. These changes have 

conditioned post- depositional processes and human occupation. The paleo-ecological 

changes have been documented by the presence of so-called paleo-ecological proxies 

such as charcoal of certain threes, micromammals, ungulates, birds and caprids hunted 

during the different stages revealing the passages from cold-arid to more temperate- 

humid climate. 

 

4.3  STRATIGRAPHIC SEQUENCE 

 The Figure 4.5 represents the stratigraphic sequence and shows a great variety of 

units with different lithostratigraphic characteristics and starting from the base they can be 

described as (Cremaschi, 2000):   

• Reddish soil formed over the rock interface.  

• Deposits of dolomitic sands due to the dissolution of the rock and transported 

with water.  

• Deposits of weathering detritus derived from frost-thaw action or erosion of 

cave roof and walls mixed with loess.  

• Deposits of smaller pieces of limestone and with variable distribution,  

containing mica attributed to loess. Presence of mica is exclusive to this 

deposit, since it is not endogenous and was probably transported and 

deposited by wind.  

An important lithologic characteristic is the color and presence of black and darker 

colors can indicate intense anthropic frequentation observed at the upper part of the 

stratigraphic sequence (unit A and the bottom of unit D). Reddish color characterise soil 

from the base rock, dark yellowish color can be associated with dolomitic sands and 

brownish layers rich with loess.  
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Figure	  4.5	  The	  main	  stratigraphic	  sequence:	  1.	  Limestone;	  2.	  Detrius;	  3.	  Living	  floors;	  4.	  Loess;	  5.	  Cemented	  
layers;	  6.	  Sands;	  7.	  Unweathered	  bedrock	  	  	  (after	  Peresani	  et	  al,	  2008).	  

	  

	  

Figure 4.6 Principal processes involved into the formation processes of the deposits of Fumane 

Cave (modified after Cremaschi, 2000). 
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The differences between lithological units reflect different depositional processes 

and consequently different palaeoambiental circumstances (Figure 4.6). According to the 

archaeological and geological content, the stratigraphic sequence has been divided in four 

main units, on their term subdivided into smaller micro-units (Broglio et al., 2003; Ferraro, 

2002; Cremaschi, 2000; Cremaschi and Ferraro, 2006; Peresani, 2008; Peresani, 2012).   

 

Unit D 

The following detailed description of the deposit was reported by Ferraro (2002) and 

based on granulometric and micromorphological analysis of the sediments. Remains of the 

landslide that closed the cave. The deposit consist of large limestone pieces in sandy 

matrix. At the bottom of the unit (D3a) the eolic component becomes predominant 

indicating warmer climate, while the bioturbations corellated with the phenomenon of 

permafrost can be associated with sharp cold episodes. The unit D has been extensively 

excavated at the end of 90’s and beginning of 2000, when it was completely removed in 

order to reach lower levels (Figure 4.7).  

 

 
 

Figure 4.7 Stratigraphical sequence describing detritus (D1-D7) and strongly anthropized layers (A1-A11) 

(after Peresani et al., 2008).  
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D1 – The top layer of the stratigraphic sequence, characterised by the dark, 

greyish-brown, humus-rich soil dated to Holocene. The base of the unit contains landslide 

detrius inside of a sandy matrix. It is subdivided further on: 

-‐ D1a – free sands 

-‐ D1b – reddish sand 

-‐ D1c – Accumulations of landslide detrius. Smaller limestone blocks have been 

found more versus interior part of the cave, deposited most probably due to the 

permafrost. Fine matrix mainly consists of dark color sands. The sand 

component becomes more absent going towards the inner part of the cave to 

become almost absent at the margins of the wall. At the base of the unit was 

discovered the concetrations of carbon and flint tools atributed to the 

Aurignatian.  

-‐ D1d – Sub-unit characterised by the intercalation of fine sediments. Deposit is 

characterised by the sandy-loam texture with weak poliedric agregation and 

darker color which indicates the presence of organic substances. Glacial debris 

have been found oriented towards the external margine of the cave, while the 

concetration of the fragment increases going deeper into the cave. At the base 

of this sub-unit, there is a layer of pebbles of colluvial origin and gastropods, 

strongly deformed by the collapse of large rock pieces from the overlying unit. 

An artifact atributed ti gravetian, dated this unit at late Pleniglacial and early 

Tardiglacial (Late Glacial).  

-‐ D1e – Sub-unit characterised with the accumulation of large rock fragments 

detached from the roof, come of thme accumulated towards the margine, and 

others slided along the slope towards the interior. Fragments were immersed 

into the abbundant sandy-loam matrix, massive towards the exterior and mixed 

with gravel towards the interior. 

-‐ D1f – Top of the stratigraphic sequence. Dark, greyish-brown, humus-rich soil 

dated to Holocene.  

D2 – Sandy-loam slope deposits of eolian origin and rich with organic material. The 

base of the sub-unit is delimited by aligned stones.  
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-‐ D21 - Non consolidated landslide characterised by the large rock fragments 

inside the sandy matrix.  

-‐ D22 – Slightly weathered layer rich with organic material. The base of the 

horizon consists of a thin layer of small clasts rounded due to transport, and 

deformed by pression due to large, detached rock fragments from the overlying 

unit.  

-‐ D23 – Layer characterised with dolomitic sands and large rock fragments.  

-‐ D24 – Sandy layer, slightly reddish probably due to the process of pedogenesis. 

It was also discovered a small accumulation of carbon like material together with 

some animal bones and artifacts not qualifiable.  

-‐ D25 – Thick layer of sand directly over the layer D3a. The boundary between two 

layers is quite abrupt.  

D3 – Deposit of chernozem recognisable thanks to the important component of 

organic material. 

-‐ D3a -  The top of the D3 unit characterised by sandy-loam sediments and low 

preence of angular rock fragments. It consist also the alignements of frost 

shreaded fragments and stones, deformed due to successive collapses. 

Important accumulation of landslide can be found versus the exterior of the 

cave. 

-‐ D3b – The sub-unit is characterised by the presence of gravel of smaller 

dimension and sharp edged fragments with higher presence of lithic artifacts, 

most probabaly atributable to Aurignacian. The part of the unit is plane, as 

apparently paved with medium sized fragments selectioned from the landslide 

and inclined towards the inner part of the cave.  

-‐ D3c – Small sub- unit limited to the squares 40, 45, 30 and 35, characterised 

with sandy layers alternated with detritus. This unit is sterile from the 

archaeological point of view.  

-‐ D3d – Important unit consisting of an important accumulation of landslide debris 

and large rock fragments oriented versus the exterior of the cave. 
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D4 – Small stratigraphical sub-unit consisting of accumulation of cyroclastic breccia. 

Together with unit D3 it represents the boundary that divides the landslide from the 

other units.  

D5, D6 – Sub-units characterised by the presence of thermoclastic breccias at the 

base of a landslide. The finding of a skull of a large herbivore together with some 

lithic tools near the cave wall have lead M.Broglio and M.Cremaschi to define this 

finding as an “killing place” of the Upper Paleolithic. These two units indicate the 

frist phase of landslide/cave roof collapse that eventually sealed the cave. However, 

this didn’t prevent further frequentations of the cave since some Aurignacian 

fragments have been discovered at the unit D6.  

D7 – Small sub-unit limited to the squares 31, 41, 30 and 40. It contains the 

landslide debris and large rock pieces inside the sandy matrix or pale brown color 

and loosely cemented.  

 

Unit A 

The sub – units on a difference of overlying one are more planar and immerge 

loosely towards the external part of the cave, relatively present on the whole 

excavated surface and from the sub – unit A7 they have lenticular and discontinued 

trend. Sub – units are thin and range from couple of centimeters to decimeter. 

 A1,A2 – Sub -units characterised by the presence of cryoclastic debris and scarse 

sandy – loam matrix rich of organic material which determins the dark color of the 

sediment. Sub – unit A2 contains numerous traces of human activity, living 

structures, fireplaces, postholes and wells. 

A3, A4, A5, A6, A7 – Sub-units characterised by the presence of termoclastic 

debris which dominates over the sandy matrix, poor both with organic substances 

and archaeological remains. Sub-unit A3 contains sharp rock fragments of various 

dimensions, depositated mostly horizontaly with light color sand particles and planar 

surface. Sub – unit A6 is rich with archaeological remains and carbons with planar 

surface. Sub-unit A7 is one particularly rich with mica, with the wavy inferior limit.  
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A8, A9 – Sub-units characterised by the presence of termoclastic breccias with 

scarse silt component and rich with organic substances. At the base of the 

accumulations of breccia, versus the inner part of the cave, have been recorded 

particles of carbon cemented by the calcium carbonate.  

A10, A11 – Sub-units rich with archaeological remains alternated with other 

characterised by the deposits of gravel almost without finely grained matrix and 

sterile from the archaeological point of view. Gravel fragments risults very often 

verticalized. Lithic manufacts carry the signs of crushing (concassage).  

A12, A13 – Deposits of termoclastic debris and a sensible quantity of sandy 

sediment. Rock fragments result verticalized and define the deformations of a 

narrow beam which involve also the overlying sub-units due to which the parts with 

the traces of human occupation sink deeply into the sub-unit A12.  

 

Unit BR 

This unit is denominated brecce due to abundant quantity of detrius present and 

formed of rock pieces usually bigger than in the previous unit. The fine portion of the 

sediment is mostly silt and the organic substances are almost absent. The statification is 

almost planar, even if it is slightly inclined versus the external part of the cave (Figure 4.8). 

 

Figure 4.8 Sub-units BR1 – BR7. 
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BR1, BR2 – Sub-units characterised by the presence of bigger rock fragments and 

silt sediment.  

BR3, BR4, BR5 – Important accumulations of rock fragments with large rock pieces 

versus external margine of the cave.  

BR6 – Consist of closely packed succession of living floors and therefore rich with 

carbonised material.  

BR7 – Sub-unit characterise with the presence of clayey silt component, sharp rock 

fragments and consistent calcareous concretions. Archaeological remains are 

present throughtout the deposit, but in lower quantity. Lithic tools in particular, have 

white glaze due to hidratation and chipping traces along the margin. 

        

 

Figure 4.9 Sub-units BR7– BR9 

BR8, BR9, BR10 – Deposits of angular, cemented breccia and circular cavities. In 

sub-unit BR9 the matrix becomes sandier, while at the base of BR10, the deposit is 

tenaciously cemented (Figure 4.9). 

BR11 – Sub-unit rich with organic material and great quanity of lithic industry and 

faunal remains concetrated in areas and accompained by the small circular cavities. 

The deposit consist of breccia, irregularly cemented with scarse eolic matrix.  
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Unit S 

 This unit is separated by the overlaying unit BR by a sharp boundary under which 

the texture of the sediments changes completely and becomes sandy. Rock fragments, 

still very frequent, have rounded edges. Large blocks become more frequent moving 

towards bottom forming large landslide. Stratification is at the beginning planar, than 

becoming more inclined versus external part of the cave. 

 S1 – Deposit of large blocks associated to the series of small circular cavities. 

S2 -  Deposit of almost completely cemented sands almost completely absent of 

any archaeological material.  

 S3 - Thin, dark colored deposit due to the presence of organic substances. 

S4 – Sands and detrius, sterile from the archaeological point of view on the top, but 

with one living flor at the base. Becomes inclined versus external part of the cave 

and suture the irregolarities of the landslides important for the lower units.  

S5, S6, S7, S8, S9 – Accumulations of large rock fragments and blocks, interrupted 

with the discontinuous levels of frequentation, marked by the presence of organic 

matter. faunal remains e lithic artefacts. Sub-unit S9 has preserved apart from some 

traces of carbon, also some vertebras and ribs of a cervid in anatomical position. 

Sub-unit S8 consists of gravel inside the sandy matrix, while sub-unit S6 has a 

strong sandy dark yellow component. Sub-unit S7 is dominated by the rocks and 

soil doesn’t fill all the empty spaces. Sub-unit S8 shows predominantly sandy – clay 

texture.  

Along the entire statigraphic sequence, texture component registers big variations, 

which become even more pronunciated when we add coarse fraction (Ferraro, 2002). The 

coarse fraction is present in great percentage throughout the sequence, with a medium 

value of 43,87% (Figure 4.10). Passing through some relative high peaks characterised by 

the raising values, the coarse fraction curve meets its highest pek in sub-unit BR4 

(85,36%), after which the curve tends to diminish, versus other two peaks  all the way to its 

lowest values at the bottom of the deposit.  
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Figure 4.10 Percentage of textural composition, in function of depth along the stratigraphic sequence 

(after Ferraro, 2002). 

 

 

 

 

 

 

 

Figure 4.11 Percentual textural composition of fine sediments (after Ferraro, 2002). 

 

 

Figure 4.12 Contrinution of every single fraction to the total granulometric composition  (after Ferraro, 2002). 
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 Sand fraction, added to a gravel fraction, represents always at least 50% of the 

sediment, and its trend is opposite to the coarse fraction, indicating that formation 

processes which led to their deposition are antagonistic. Sand fraction (average of 30.49% 

of total sample) registers two peaks at the base of deposit where it becomes 83,54% of the 

total sample and in the middle part of the sequence in sub-unit. (Figure 4.11).  

 Silt fraction (average of 21,23% of total sample) has for the most part irregular 

trend, minimum of 7,72% (sub-unit BR4) and maximum of 40,35% (sub-unit BR8a). This 

fraction registers three peaks, first in correspondence with sub units D1d-D1f, second with 

D3 and A5 and the third between BR7 and BR9 where is reaches its maximum of 40,35% . 

Minimum of silt fraction correspond to the one of sands and to the maximum of coarse 

fraction (Figure 4.12).  

 Clay fraction represents a modest component with an average of 5,38% of total 

sample. It becomes more present in unit A, and starting to diminish in upper part of unit 

BR. Central part of the BR unit registers  the highest values of clay reaching the maximum 

in sub-unit BR7 with 13,82%.  

  When it comes to the description of single units, here will be peresented only ones 

still present on the site (subject of the study), therefore from A7 until the base of deposit: 

• A7 – A13 – Coarse fraction becomes predominant making 50,71% of the total 

sample. Sandy component has rather fluctuating trend, with values between 

16,55% (A11) and 44,75% (A13) and values generaly lower than the coarse 

component. Silt fraction register irregular trend, with slight increasment starting from 

A12 (15,79%) and A13 (38,97%). Sub unit A13 register also the maximum values 

for the clay fraction with average of 10,38% of total sample (Figure 4.13). Sand 

varies between 39,71% (unit A11) and 59,15% (A12) and is presented with medium 

and fine fraction. Clay fraction is present with percentages between 1% at the upper 

part of the unit and 18,04% (A12). 
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Figure 4.13 Granulometric curves representing fine fractions for units A7-A13 (after Ferraro, 2002). 

 

• BR – Coarse fraction registers two major peaks between BR3 and BR6 with a 

maxium value of 80,36% in BR4 and the second one in sub-units BR11. The peaks 

of the coarse fraction, corresponds to the minimum of the fine fractions and vice 

versa. Sand has high values especially in sub-units BR1 (20,06%) and BR2 

(22,75%). Just to decrease rapidly in sub-unit BR4 (5,58%), which represent the 

abbsolute minumum of the whole stratigraphic sequence (Figure 4.14 a,b). The 

maximum value is reached in sub-unit BR12 with 44,90%. Overlooking the coarse 

fraction, it is possible to notice that sand has a slighlty fluctuating trend at the upper 

part of the unit, reaching maximum in sub-unit BR12. Silt fraction ,simirarly to the 

sand fraction, register a minimum value in the whole sequence in BR4 (7,72%), and 

absolute maximum in BR8 (40,35%). One other peak can be noticed in sub-unit 

BR11 with 17,82%. Clay fraction has a trend similar in all to sands and silt, 

registering the absolute maximum of the serie in BR7 (13,82%). 

             

Figure 4.14 a,b Granulomteric curves representing fine fractions a) units BR1-BR7; b) BR8-BR12  (after 

Ferraro, 2002). 
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• S – Coarse fraction is always very abundant, with values over 50%. Sand fraction 

has the opposite trend with values between 20 and 30% in its upper part (S2-S4) to 

reach minimum in sub-unit S5 (15,39%) and start increasing in lower parts. Silt 

fraction has jagged trend and values always under 20% and under the average of 

the serie. Clay fraction results slightly more abundant in lower part of the unit (S8 

and S9) with values around 6,5%. Analysing only the fine component, it is possible 

to see that all the curves have more or less same distribution and that the sand 

fraction is always present in great percentages (Figure 4.15). 

 

Figure 4.15 Granulomteric curves representing fine fractions for Unit S  (after Ferraro, 2002). 

 As mentioned before, the cave deposits are not only extraordinary record of human 

past, but also a great resource for the environmental reconstruction. The sediments of 

Fumane cave have been studied in detail implementing granulometry in order to make the 

correlations with the paleoclimatic interpretation and to investigate the intensity and 

distribution of the formation processes that formed the deposit (Ferraro, 2002). The study 

has revealed that the the processes responsible for the formation of the deposit of gravel 

are compatible with the conditions compatible to the deposition of sands and fine silts. 

Taking into consideration the theory of Laville, formation and deposition of the coarse 

deposits occurs during the cold and humid phases and in the case of Fumane cave and 

dinamics that control the sedimentation of the whole stratigraphic sequence, have 

fundamental role. Returning to the main stratigraphic units, it is possible to distuinguish the 

sub-units in which this relationship is more evident and which are of the major interest for 

this study like  A7-A12, BR3-BR6, BR11 and S5-S7. These are the sub-units characterised 

with by the angular breccia, the result of the frost weathering happened repeatedly during 
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the time. Textural anlysis put in evidence direct correlation between the quantity of gravel 

and intensity of the freeze-thaw action and consequently the indication of the cold cycles. 

Spatial distribution of the coarse sediments showed that frost weathering effected in non 

uniform mode different parts of the cave and the process was more intense inside the cave 

and diminishes moving outside very often sharply. It is also possible to distinguish also 

transversal trend, which suggests that the frost weathering was more extreme at the 

eastern (right) part of the cave.  

 Different trends can be explained by the different micro-climats present at the cave, 

especialy the eastern one due to the tunnel C still unexplored and filled with sediments 

which favours more humid environment. Moving forward towards the cave opening the 

climate becomes more similar to the one on the outside, more dry and less subjected to 

the frost weathering. The presence of the different micro-climats was most probably 

influenced by the size of the cave which were more significant than the actual one.  

 Silt fraction also shows significant fluctuations long the stratigraphic unit. Major part 

of the silt deposits has aeolic origin and therefore not provenient from the limestone in 

which the cave was carved. The loess mixed with sand originating from the dissolution of 

cave walls, recorded in units BR and predominant in unit S, indicated that the transport of 

the aeolic silts happened during the deposition of loess which can be correlated with the 

more cold and arid phases. 

 Elevated percentage of clays can be explained as the results of dim pedogenesis 

during the more temperate phases during the formation of the concretional floors 

recognised in the field as the enrichment of fine materials after anthropic activities. 

Observing the stratigraphic unit, it can be noted that the unit S has the content of silt 

slightly lower and higher content of sands. When it comes to unit BR silt component starts 

to increase to reach maximum values between BR7 and BR9, which correspond to the 

highest deposition od loess and consequently to the more cold and arid phases. Minimum 

values of the silts in the overlying BR sub-units are in in agreement with the small rock 

fragments and therefore with the frost weathering.  

 Unit A has the trend very similar to the unit BR with a difference that it has been 

more characterised with more elevated content of sands. Together with unit BR, unit A is 

the one with the most elevated content of silts, which is in accordance with the aeolic 

processes. Clayey component is the one showing less significant variations and probably 
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has two origins. The first is most surely of aeolic character and the other could be 

anthropic activity especially noticeable in A sub-units rich with archaeological material.  

 

4.4 Site characterization and geophysical and topographical evaluation 

 The site characterization was performed through the analysis of the archaeological, 

geological, field inspections and preliminary test survey and evaluation in order to define 

the subsequent archaeological survey. Surficial data and detailed stratigraphic sequences 

permitted the access to the information concerning physical characteristics of the site and 

to predict geophysical contrasts that might produce anomalies in the geophysical survey. 

The stratigraphy consists of multiple layers or frost weathered breccia, sand, silt and clay 

present in different percentages and ranging in thickness containing archaeological 

material such as flint tools, animal remains and hearts.  

 

 

Figure 4.16 The state of the site during the pleriminary visit. It could be noted the wooden protection and the 

wall closing the gallery B. 
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Figure 4.17 The main excavation area after the removal of the wooden protection and the wall closing the 

gallery B.  

 And while the fragile nature of archaeological material found in prehistoric sites 

doesn’t allow any predictions when it comes to archaeological targets, shifting the attention 

to the modeling of the subsurface topography and nature of buried sediments. In this 

sense, it was necessary to have both good resolution near the surface and great 

penetration depth. During the preliminary geophysical survey, ground-penetrating radar 

was attempted but than abandoned owning to the poor penetration of radar signals and 

attenuation of the signal at about 2m depth. The interpretation and evaluation of the 

prelimlinary test survey, permitted to establish some general guidelines for the subsequent 

survey, such as target definition and the survey distribution.  

 The surveys were performed at the end of the 2013 excavation season, when it was 

be possible to remove all the wooden boards protecting the excavation (Figure 4.16). This 

was necessary in order to have the clean terrain for the laser scanner and 

photogrammetric survey with as least obstacles as possible which would make the later 

data treatment and point cloud cleaning much easier. The survey was divided in two parts, 

the first was to perform the topographical survey and the second the geophysical one. This 

was necessary in order to establish the coordinating system to which later geophysical 

investigation would be connected. The on-site preparations included removal not only of 

wooden floor, but also all the other features such as drainage system and the dividing wall 
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between the gallery B and the rest of the cave erected at te beginning of 2000 (Figure 

4.17). Part of a metal stair construction located in the south-western corner of the cave, 

has been partially removed also. 

  

  4.4.1 Laser scanner and photogrammetric survey  

 The survey was performed implementing Leica ScanStation C10, Leica Total 

Station and Canon 7D Mark II digital camera. With laser scanning technology it is possible 

to obtain a very high-resolution point cloud for the entire area, while photogrammetric 

technique will serve as a focus on specific areas of greatest interest in order to obtain 

better chromatic detail and more accurate geometry. Considering the complexity of the site 

and the presence of numerous occlusions that affected the visibility (metalic structures), it 

was necessary to perform multiple scans from different positions (9 in total), in order to 

guarantee full cover of all cave walls and excavation areas (Figure 4.18). Multiple scans 

from different vantage points eliminated as far as possible ‘measurement shadow’ such as 

obscured objects/surfaces or those not illuminated by the laser. The principle that each 

new scan had to contain parts of previous scans thus providing overlaps essential for 

subsequent registrations of the scan into one single point cloud was applied. Once the 

point cloud is registered, the whole set of point clouds is oriented to North by means of a 

digital compass and moved to the coordinates (100, 100, 0) for convenience, in order to 

facilitate the reading and generation of plans without negative values in planimetry. 

Conventional survey techniques using a total station, was employed for the determination 

of the target positions. For precise pole setups at control points, the twin target pole 

system containing the twin target Leica Geosystmens HDS flat targets, with 20’ accuracy, 

have been used (Figure 4.19a). Thanks to the HDS targets it is allowed automatic 

identification and extraction of position by Cyclon software, so as accurate registration of 

multiple scans. The spatial coordinates and RGB values are recorded thanks to the 

camera incorporated in the laser scanner. Whenever it was possible, permanent markers 

have been left, for the later reconstruction of the survey if there is need for it. 

 The photogrammetric survey consisted from the acquisition of about 150 - 200 high 

resolution photos depending on profile ( resolution 5472 x 3648 pixels), using Canon 7D 

Mark II camera (Figure 4.19b). Before the photo shoot, control targets to geo-reference the 

photogrammetric process, were installed and coordinates taken using the total station.  
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Figure 4.18 The laser scanner survey. 

 

 

Figure 4.19 a) Leica Geosystems HDS twin target pole system; b) Photogrammetric survey using Canon 7D 

Mark II digital camera. 
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  All the photos were taking advantage of Canon 7D’s 10fps continuos shooting with 

autofocus feature (for up to 130 JPG/31 RAW frames), making it easy to obtain high 

defintion, sharp images even with hand held camera. The photogrammetry was 

implemented only to three stratigraphic profiles in order to have more detailed, higher 

resolution three-dimensional model, to integrate it into the point cloud. The major 

complications encountered during the survey were mostly due to the difficult light 

condition, especially at the back of the cave towards channel B where consderably less of 

the natural light is arriving. This was particularly problem for a laser scanner survey, where 

the lack of light might also effect the color temperature and white balance on the photos 

taken by the incorporated camera. The campaign was carried out in quite extreme weather 

conditions, marked with high humidity levels and elevated external and on site 

temperatures, but in boundaries guaranteed by the manufacturer.   

 

 4.4.2 Electrical resistivity and seismic survey  

   

 

Figure 4.20 Locations of ERT profiles and position of two seismic stations (yellow stars). 
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 The geophysical survey covered approximately 13x8m grid concetrated in the main 

excavation area (Figure 4.20). The survey grid included a total of 11 profiles, placed on 

every meter and covering the main excavation area following the orientation NW-SE 

(ERT1-6) and SE-NW (ERT 7-11) (Table 4.1). The unit resistance data were collected 

using the ABEM SAS 4000 Terrameter Georesistivity meter with the inner-electrode 

spacing set to 0,50m. The longest profile is 12m long, while the shortest is 6,5m long. In 

order to meet the goals of the survey, the measurements were collected using the 

Wenner-Schlumberger and Pole-Pole arrays.  

 Wenner-Schlumberger (WSC) is a combined array arranged in line of electrodes 

with constant spacing, with a better lateral resolution and 15% more increased depth of 

investigation than Wenner array. On the other hand, Pole-Pole (PP) array has been widely 

used in archaeology due to its best signal/noise ratio, great depth of investigation and best 

lateral resolution. It is characterised with the two separate (AM-BN) pairs of probes in 

which the distance between needs to be at least 30 times the inner-electrode spacing, 

meaning that for the inner-electrode spacing of 0.50m, remote pair of electrodes should be 

at least 15m away from the other current pole (Figure 4.21). Due to the impossibility to 

place the remote electrodes on the site, they were placed 30m away from every side of the 

main entrance. In this study, the PP array was implemented specifically to perform the 3D 

survey. The array is frequently used for 3D surveys because of the better data coverage 

near the edges of the survey grid and substantially larger number of possible independent 

measurements compared to other arrays and it is especially adapted for the small survey 

grids with relatively small spacings between the electrodes.  

 For this type of the investigation, usually first a series of 2D inversions are carried 

out. The 3D inversion is used on a combined data set, with the data from all the survey 

lines. As a general rule, the spacing between the lines should not be more than twice the 

unit electrode spacing along the lines. The main difficulties encountered during the survey 

were mostly due to the poor contact between the electrodes and the ground, in parts of the 

cave that have been exposed to the air for a long time and therefore too dry. In these 

cases it was needed to add some salted water around the electrodes in order to obtain the 

reading. The survey took roughly two days in order to have all the readings. 
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No.Profilo Orientation Lenght 
(m) 

Inner-
electrode 
spacing 
(m) 

Array 

1 NW-SE 9,5 0,50 WSC/PP 

2 NW-SE 11 0,50 WSC/PP 

3 NW-SE 12 0,50 WSC/PP 

4 NW-SE 12,5 0,50 WSC/PP 

5 NW-SE 8.5 0,50 WSC/PP 

6 NW-SE 9.5 0,50 WSC/PP 

7 SW-NE 6,5 0,50 WSC/PP 

8 SW-NE 6,5 0,50 WSC/PP 

9 SW-NE 7,3 0,50 WSC/PP 

10 SW-NE 6 0,50 WSC/PP 

11 SW-NE 6,5 0,50 WSC/PP 
 

Table 4.1 Orientation and length of all ERT profiles. 

 

Figure 4.21 ERT survey using ABEM SAS 4000 Terrameter Georesistivity meter. 
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Figure 4.22 Seismic survey using MAE Vibralog and  

   

 The HVSR consists of recording simultaneously the horizontal-to-vertical 

components of the seismic noise at a given location by use of a broadband seismometer 

and to compute the horizontal-to-vertical spectral ratio (Figure 4.22). Three stations in total 

were recorded, two in main excavation area and one on the close to the entrance and 

sample frequency set to 250Hz using 3D seismoneter with a frequency of 2Hz connected 

to data logger model Vibralog. Two hour of continuos recording is collected for all 

thestations, with additional right our recording at Station 2 during the night in order to 

reduce the effect of human and traffic microtremors. 

 

 4.5 Data treatment  

  4.5.1  Laser scanner and photogrammetry data treatment 

 The 9 individual station scans were then integrated into a single point cloud by 

referencing the scanned targets to the corresponding surveyed targets using Leica Cyclon 

3D point cloud processing software. After various scans were combined the resulting point 

cloud was cleaned of objects of no relevance for the 3D model of the building or landscape 

in question, such as metal structure, stairs, information boards, various wooden structures, 

etc (Figure 4.23). The final model was composed of almost 30 milion points colored by the 

incorporated camera The point cloud processing phase begins with the referencing to a 

single object coordinate system (XYZ) of the filtered raw data captured in the local 

coordinate system of the laser scanner. From each station, a unique local coordinate 
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system is set up. Therefore, after the registration step, all the local coordinate systems will 

be transformed into one (most usually known as master) selected coordinate system.  

 For that purpose, artificial spheres (that act as tie points) have to be placed around 

the 3D space, trying to occupy the maximum volume. Based on these, it is possible to 

make a least squares adjustment for all the scans. The point clouds are decimated with 

the help of mathematical algorithms in order to remove redundancies in overlapping areas. 

 

Figure 4.23 The process of point cloud cleaning and removal of the outliners.  

 

 As regards the unified cloud, the blank areas that can be noted in some parts of the 

model are due to the shadows produced by different constructions present on the site that 

obscured the laser beam. Unfortunately these point cannot be recuperated later in the 

phase of data processing. Significant data has been lost also at the back of the cave or 

channel B, due to the low light and the remaining part of the wall which shadowed some 
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parts of the deposit. Once the point cloud was filtered and processed it was possible to 

pass to the next step of data processing and extraction of single slices in x, y and z 

direction and cave planimetry using the Cyclon CloudWorks point cloud processing plug-

in, that offers the possibility to work efficiently with large point clouds and creation of 2D 

and 3D drawings from a point cloud in AutoCAD environment (Figure 4.24). This process 

was of extreme importance for the extraction of electrical resistivity profiles and the x,y,z 

position of every electrode on the ground. This process had two steps. 

 First it was necessary to create 10cm slices both in x and y direction placed on 

every meter and than draw a line for every profile and add a point on every 0,50m. From 

there it was easy to extract exact coordinates for every electrode on the line and use them 

for the inversion of ERT data (Figure 4.25).  

 

Figure 4.24 Process of extraction of ERT profiles from the point cloud using Cyclon CloudWorks for 

AutoCAD. 
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Figure 4.25 Single point cloud slice in x and y directions and ERT 2 profile. 

 
Figure 4.26 Bundle adjustment. Blue rectangles represent the calculated positions of single photos 

and blue flags the markers. 
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Figure 4.27 The position of markers necessary for point cloud merging. 

 

 As already stated before, the point cloud is coloured due to the presence of 

incorporated photo camera. Nevertheless, an additional photographic coverage of three 

stratigraphic sequences where more detailed information is required due to the poor 

quality of the incorporated camera. All the photos are processed using an open source 

software Agisoft Photoscan.  

 The approach for creation of the models was one commonly used for small 

photogrammetric works. The complete coverage was used for the orientation of the 

photographs. First, a relative orientation was performed with photos distributed throughout 

the area, The process to obtain a realistic 3D model from a serie of photos can be divided 

in following steps:  
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1. Pre-processing – the purpose of this step is to control the uploaded photos and 

check them for any out of focus, too dark or too bright and remove them from the 

collection. 

2. Importing GCPs –  The process of importation of ground control points recorded 

during the survey by means on total station and  necessary for the further alignment 

and consolidation. Once the points are loaded, it is necessary to locate different 

Ground Control Points (GCPs) in all the photos in which they are visible. Once the 

point is located on the first photo, the marker and the position will be already better 

estimated. In order to include a certain GCP for further processing, it has to be 

located at least on two images. A general rule is that there has to be al least one 

marker present on the photo for the program to consider it. Accurate error estimates 

can be calculated with at least 4 GCPs, while often at least 5 are needed to cover 

the center of the project as well, which reduces the chance of error propagation and 

resulting terrain distortions especially on flat or undulating terrain types.        

3. Aligning photos - Once photos are loaded and GCPs determined, they need to be 

aligned. At this stage PhotoScan finds the camera position for each photo and 

builds a point cloud model including all the selected photos. The sparse point cloud 

resulting from the alignment needs to be checked for points with a high projection 

error and outliers (points outside the bounding box are not taken into account) and 

delete them manualy. Best results are obtained when the alignment is first 

optimized based on the camera coordinates only, and a second time based on the 

GCP coordinates only if GCPs are available. Depending on a numebr of photos, 

alignment can take a long time.  

4. Building of a 3D model – Depending on the guality of images and parameters set ( 

object type, geometry type, target quality) and the RAM size, this step can take a 

very long time. The result is a triangular mesh that can contain different millions of 

faces. Higher the quality and level of detail in the geometry reconstruction, lesser 

the noise in the DSM. Before, moving onto a densification of the cloud and 3D 

model texture and in order to reduce the processing time, rapid reconstruction has 

been performed based on a sparse point cloud generated in the alignment in order 

to see if the chosen parameters are effective (Figure 4.26).  

5. Export – In order to be incorporate into the point cloud of the cave, the resulting 

models have been exported as a dense 3D point clouds. The merging of point 

clouds was performed in Cyclon. 
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 In order to evaluate the success of the project, it is necessary to review the 

accuracy of the photogrammetric work and the validity of 3D model output. It is important 

to achieve a good finish at an aestetic level and to determine to what extend the 

dimensions of the moel correspond with reality. The access of accuracy is possible to 

check at any moment during the data processing and are important to correct in order to 

avoid the accumulated errors. The mean error of the data set is below 1 mm, meaning that 

the data set is of high metric quality.  Each model generated a patch making it necessary 

to to edit the union and the overlaps between each path in order to obtain a quality model. 

 

Figure 4.28 Merged point clouds. 

 

 Although the 3D model produced by laser scanner contains large number of 

surfaces (triangles), it can still be difficult to localize the outliners of the surface features. 

By combining two methods it is possbile to exploit advantages of both. Thus, the highest 

possible degree in efficiency and flexibility of data collection is possible, if both methods 

are combined during the data processing, improving the geometry and visual quality of the 

collected 3D model. During data collection the information on edges and linear surface 

features like cracks, reliefs and deteriorated edges is based on the analysis of the images, 

whereaas the information on object geometry is provided from the laser scanner data. 

Additionaly, area which are not accesible in the laser scanner data due to shadows and 
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occlusions are added based on semiautomatic evaluation of the imagery. The combined 

evaluation of image and laser scanner data is based on condition that image block and the 

laser scanner point cloud have the same orientation to the coordinating system. From 

there it is easy to extract the 3D coordinates from the point cloud manually and transfer 

them into the photogrammetric 3D model (Figure 4.27). The process of merging is than 

executed automatically in Leica Cyclon software using the merge point cloud tool (Figure 

4.28).  

 

 4.5.2  Geophysical data treatment 

 The primary purpose of the data processing is to assemble the data collected in the 

field into a coherent form and carry out the mathematical processes so the results can be 

displayed in a meaningful way prior the interpretation. Generally, geophysical data 

treatment has two parts, data processing and image processing. And while data 

processing involves the manilupaliton of data in order to highlight the additional information 

from the dataset, image processing involves the manilutaion of data to produce visually 

pleasing image of the results. The application of the inversion theory in the geoelectrical 

investigation, is used to find the optimum electric model of the ground for which its 

response, callculated using the forward modelling procedure, will be similar to or almost 

the same as the real (observed) apparent resistivity data in view of data unsecrtainties 

(Papadopoulos, et al. 2006). During the reconstruction, the subsurface is divided in smaller 

regions, called parameters, which can vary their resistivity. The inversion process begins 

with a starting model of a ground and resistivity correction model is found in every 

iteration. After, every completed inversion cycle, the resulting model is inspected for 

eventual anomalous RMS values which can be eliminated and corrected model inverted 

again. The procedure will stop when the RMS error between calculated and real apparent 

resistivity is stable.  

 The 2D and 3D inversion and topographic correction of the pseudosections were 

performed using the RES2DINV, RES3DINV and ERTlab software packages. And while 

the dataset collected using WSC array was intented to give more information about the 

first 2-3m of the deposit, the dataset collected using PP array was intended to give more 

information about the depth of the deposit. The unpredictable size and spatial distribution 

of the buried features, the aim is to keep the data processing to a minimum. The excesive 
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manipulation of the readings can easily remove the anomalies of potential interest or 

create false responsed that can be interpreted as archaeologicaly significant. The 

inversion parameters for inversion of WSC dataset, are defined on the base of prediction 

of most probably geology of the subsurface, most probably gradational boundaries, such 

as bedrock with thick transiotional layer. Initial dumping factor is set to be quite large 

(0.2600) with the minimum set to 0.0210 in order to stabilise the inversion process. A 

larger dumping factor tends to produce smoother models with less structure, and thus 

poorer resolution, but less sensitive to the noisy data. Since the resolution of the resistivity 

method decreases exponentially with depth, the dumping factor used in the least-square 

method is optimised at each iteration. The inversion routine used by the software is based 

on the smoothness-constrained least-square method which determines the change in the 

model parameters by solving the equation: 

    (JTJ+uF)d = JTg   (4.1) 

 where F = fxfxT + fzfzT 

  fx = horizontal flatness filter  U = damping factor 

  fz = vertical flatness filter   d = model perturbation vector 

  J = matric of partial derivates  g = discrepancy vector 

 

  The least-square formulation used in equation applied smoothnes constraint on the 

model perturbation vector d only, and not directly on resistivity values. All the 

pseudosections were inverted following robust inversion constrain model. The inversion 

subrutine normally tries to reduce the the square of the difference between measured and 

calculated apparent resistivity values and data points with a larger diifference between 

measured and calculated apparent resistivity values are given a greater weight.  This 

normally gives acceptable results if the noise is random, however even a few poor data 

points with unusually low or high resistivity values can influence considerably the summary 

statistics as well as create false anomalies. In this sense, the robust data constrain causes 

the program to reduce the absolute difference between measured and calculated apparent 

resistivity values (Figure 4.29). 
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Figure 4.29 The apparent resistivity pseudosection (PP aray) for Fumane using the robust inversion method: 

a) mesured apparent resitivity, b) calculated apparent resitivity, c) inversion model of the subsurface.  

 

Figure 4.30 The data processing using RES2DINV software; a) extermination of poor data points; b) RMS 

chart. 

 The poor data points are given the same weight as the other data points and thus 

their effect on the inversion results is considerably reduced. There are two methods in 

removing of poor data points, exterminate poor dats points tool and the distribution of RMS 

errors after the inversion (Figure 4.30). In the RMS chart, the poor data points will have 

large percentage difference between the logarithms of observed and calculated resistivity 

values (for example above 80%). In order to continue the data treatment it is necessary to 

remove them from the data set and repeat the inversion process. The number of iterations 
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is set by default to 5, while the Jacobian matrix is calculated after each iteration. For the 

topographical modelling distorted finite-element grid with uniform elements has been used 

with distortion dumping factor set to default values of 0.75,  in order to mesh match the 

actual topography making the nodes below the surface to shift to the same extend as the 

surface nodes. The effect of the topographical effect can be accounted for if the horizontal 

and vertical cooordinates along the survey line are known. Taking into consieration the 

uneven surface of the site, least-squared trend removal has been implemented. The data 

Generally, the processing sequence finishes rarely after one cycle and there is always 

certain amout of trial, error and adjustment of inversion parameters in order to arrive to the 

desired results. This is especially true for noisy data datasets such ones from Fumane.  

 In the interpretation of data from 2D resistivity survey it is assumed that the 

subsurface geology will not change significantly in the direction that is perpendicular to the 

survey line. In areas with complex geology this might become a problem since there might 

be significant variations in the subsurface resistivity in this direction causing distortions in 

the lower sections of the 2D model. In order to reveal major resistivity variations across the 

survey lines, it is possible to use the inverted 2D pseudosections in order to extract 3D 

informations. The 2D pseudosections are exported from RES2DINV software, combined 

into a 3D dataset and inverted using RES3DINV software. This procedure is the most cost-

effective solution to extract some 3D information from 2D surveys. The major pitfalls are 

the poor resolution and not very advanced graphic solutions. However, since all geological 

structures are 3D in nature, a 3D resistivity survey using a 3D interpretation model can 

offer the more accurate results. The RES3DINV software is used to interpret the data from 

3D surveys by determing the resitivity of the blocks in the inversion model that will most 

closely reproduce the measured apparent resistivity values from the field survey. The 

effect of topography was automatically incorporated into the iversion model using a 

distorted 3D finite-element grid. This method is most accurate for the datasets such as one 

from Fumane, with near surface regions containing significant resistivity variations.   

  Due to the poor graphical characteristics of the RES3DINV software, the data were 

further processed using more advanced ERTlab software in order to produce three-

dimensional models of the subsurface. ERTlab algorithm implements Occam’s inversion 

style, that adopts an efficient regularization approach to deal with the nonlinearity of 

apparent resistivity data inversion. Gauss-Newton optimization method is used to minimize 

or maximize some penalty on the model parameters, whilst demanding that the model fits 
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the observed data to within some reasonable error between experimental and theoretically 

calculated apparent resistivity data based on the real distribution of resistivity model 

parameters. The algorythm also handles well the rough topography, as the one 

encountered at Fumane cave, and allows the addition of boundary conditions represented 

by free surface contacts of two walls of the deposit  (Figure 4.31). The same color scale 

has been used on each profile in order to compare all the results.  

 

Figure 4.31 Inversion global progress and data misfit cross-plot (ERTlab). 

 

 Seismic data were processed using Geopsy open source software for processing 

ambient vibrations with site characterization, born in the ambient of SESAME European 

Project (2004). The technique originally proposed by Nogoshi and Igarashi and wide-

spread by Nakamura (1989), consists in estimating the ratio between the Fourier 

amplitude spectra of the horizontal (H) to vertical (V) components of the ambient noise 

vibrations recorded at one single station. For each station, the arithmetical mean and one 

standard deviation HVSR curves were calculated using spectral ratios from all available 

time windows (at least 150).The setup of time windows is important in order to “clean” the 

data from short-duration disturbances associated with specific sources, such as footsteps, 

traffic, hammering, and keep the most stationary parts of the ambiental vibrations. The 

signal relative to each time window was de-trended, baseline corrected, tapered and band 

pass filtered between 0,15 and 100 Hz, High-pass filter was set to 0,05Hz (to eliminate all 

the frequences under the 0,05Hz), blutteworth filter to 8 
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Figure 4.32 Spectrum calculated from the vertical component (black lines) and the horizontal components 

(dashed lines). 

  

   Konno and Ohmachi smoothing method is applied for each time window for 

computaution of Fourier amplitude spectra. This smoothing is strongly recommended since 

it use of constant bandwidth preserves different number of points at low and high 

frequency. The analysis were limited to the frequency range 0,1–80Hz. The frequency 

spectrum shows the relative magnitudes of the frequencies that compose a filtered 

seismogram (Figure 4.32). Once the frequency spectrum for each component is 

calculated, the transfer fucntion is computed and the resulting dominant frequency is 

extracted for use in the depth calculation.  
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CHAPTER 5: RESULTS AND DISCUSSION 

 

 

5.1 DATA ANALYSIS 

 
5.1.1 Laser scanner and photogrammetry 

 Nine integrated scans were merged into unique point cloud resulting in 3D model of 

the cave free from any obstacles leaving only the cave walls, stratigraphic sequences and 

current excavation level. The resulting morphologically correct and georeferenced model 

of the cave provided to carry our measurements with the accuracy in the centimeter range 

between any two point inside the cave, making it possible to produce the plan of the site 

and generate section through the model in any chosen orientation or location. In this way 

2D ground plans and geophysical profiles could be created. In total 11 geophysical profiles 

have been generated from a point cloud model, with 1m distance between them and 

0,50m inter-electrode spacing. All the sections generated from the point cloud can be 

integrated into the site using GIS or CAD applications, including the areas and volumes 

outside the cave, which have been recorded but than removed from the final point cloud. 

By using the software that can handle point clouds, it is possible to generate 3D 

visualizations as see from any selected point inside the cave or from outside towards the 

cave (Figure 4.33).  

 By combining the laser scanner method with photogrammetry, it was possible to 

exploit the high accuracy potential of both methods in the determination of edges and high 

density of points. In this way, it was possible to obtain the 3D models of the three 

stratigraphic units, with accentuated contrasts and structures like joints and cracks 

measured very accurately. Having in mind that this portion of the site carries very 

important geological, chronological and archaeological information, it was of greatest 

importance to have it in as much detail as possible (Figure 4.34). The orientation process 
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attained an accuracy of +/- 1mm, securing the very high accuracy and quality of the model. 

Having in mind that both laser scanner and photogrammetric survey are referenced to the 

same coordinate system, the merging of two models through the same markers was 

straightforward.  

  Due to the complexity of the site and numerous objects present, shadow areas and 

occlusions still exist in the laser data despite the fact that the dataset contains almost 30 

million points. However, since the main goal was to provide the topographical correction 

for the geophysical survey, these gaps were left unfilled, although there are methods that 

can overcome this problem. Taking aside these minor difficulties, the 3D model provided a 

valuable foundation for the further archaeological and geophysical analysis.  

 

 5.1.2 Geophysical survey results 

 The inversion process produced a two- and three-dimensional models from the 

apparent resistivity pseudosections based on the standard smoothness-constrained least-

square inversion algorithm. All the datasets were inverted using robust model constrain to 

force sharp boundaries with topography taken into account (Figure 4.35). All inversion data 

provide residual mean square (RMS) error that ranges from 2,8% and 6,8% for the two-

dimensional and 6,4% for the three-dimensional model (processed using RES2DINV and 

RES3DIV software) which reflect high quality data. The depth of investigation varies from 

2-3m for WSC and up to 8m for PP. The same color scale was adapted for all the models.  

 All the profiles generally display almost “bimodal” distribution of high and medium 

values resistivities. Most of the models also display increasing resistivity values at greater 

depths corresponding most probably to the bedrock, whereas the more conductive layers 

correspond to the presence of more fine sediments. The large lateral variations in 

resistivity noticed in almost all the profiles are most probably due to the changes in 

lithology or the different moist content of the sediments. Overall, the results show that 

resistivity values vary approximately between 10 and 100Ωm for fine sediments, 100 and 

500Ωm for coarse sediments and a very well contrasted with the bedrock formation, which 

displays resistivity values over 700Ωm. The observed variations from ERT are well 

correlated with the measured HVSR resonance frequency peaks that range from 20 to 

40Hz.  



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

139	  

 

Figure 4.33  Different 3D visualisations from inside and outside the point cloud. 
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Figure 4.34   3D model of the main stratigraphic sequence and possible level of detail that can be obtained.



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

141	  

 

Figure 4.35 The ERT grid inside the point cloud and position of the stations for HVSR survey (blue dots). 

 

 The ERT dataset was characterized with quite noisy data and a lot or outliners and 

poor points that had to be eliminated from the dataset in order to have acceptable results. 

Transversal profiles ERT 7-9 were particularly problematic due to the low moisture content 

of the underlying deposits which effected data recording and resulted in erroneous 

resistivity values that created false low resistivity anomalies in first 2,5m (where profiles 

make 90 degree shift in order to include main stratigraphic sequence). In order not to 

compromise the inversion process and to avoid phantom anomalies, these electrodes 

were removed manually from a dataset.  

 The estimation of nature and spatial distribution of the sedimentary infill in the first 

three meters of the deposit, were draw on the basis of profiles collected using WSC 

pseudosections. Generally, almost all the profiles exibits sharp boundaries and mainly high 

and medium resistivity values ranging from approximately 90 - 500Ωm. ERT1 shows a low 

resistivity anomaly connected to the surface, deepening towards the back of the cave and 

partially overlaid with the less conductive material (Figure 4.36).  
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Figure 4.36 The observed pseudosections (ERT1-7) collected using WSC configuration array. 
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Figure 4.37 The observed pseudosections (ERT6-11) collected using WSC configuration array. 
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Figure 4.38 Vertical cross-sections of the model obtained from the inversion of PP dataset. Yellow square 

indicates the postion of the sections on the ground.  
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Figure 4.39 Depth slices and profile intersections. The red dots represent the position of electrodes.  

 

Figure 4.40 The isosurfaces featuring different spatial distribution of resistivities. The colors correcpond to 

the different resistivity values as reported in the color scale.  
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 The vicinity of the anomaly to the Channel/Gallery C, only partially explored and 

filled with fine-grained sediments, suggest the higher presence of finer sediments in a 

limited zone around the opening and higher moisture content. ERT4 shows he presence of 

elongated low resistivity anomaly, parallel to the survey line and covered with 20-50cm 

thick layer of less conductive material. Important irregular high resistivity anomaly with 

quite sharp boundary, visible in ERT1-3 ranging from -2m in depth almost to the surface, 

most probably can be associated with an important accumulation of frost weathered 

material, compacted and with low participation of fine grained materials. The presence of 

this compacted, high resistivity layer might easily be reflected in the high frequency peak 

at 40Hz some 1,8 – 2m from the surface. All the anomalies show natural origin, and as 

expected, no major man-made structures have been noticed. The only exception might be 

quite rectangular anomalies visible in the middle part of ERT2 and ERT10. The one visible 

in ERT2 is some 1m long and 0,50m thick, inside the poorly conductive material. The 

accurate identification of the anomaly is potentially difficult, even if almost regular 

geometry can easily lead to the conclusion that the feature has human origins. The deposit 

that makes the feature most probably is not very different from the surrounding one and it 

rather seems altered resulting in higher moisture content and slightly different texture. The 

rectangular anomaly visible in ERT10 around 1m wide and 40cm deep, is definitely the 

remain of an old test pit, still visible today in the northern part of the main excavation area. 

In conclusion, the 2D WSC pseudosections show that the subsurface resistivity distribution 

is highly inhomogeneous and can change rapidly within a short distance, highlighting the 

need for a more detailed 3D model of the subsurface. ER7-9 show high resistivity values 

increasing with depth and very sharp boundaries. This is either related to unsaturated 

conditions or less fracturing.  

 The Pole-Pole configuration array has been used to model the 3D model of the 

subsurface using RES3DINV software (Figure 4.38). The maximum spacing is chosen so 

that the survey will map structures to the maximum depth of interest. The model confirmed 

the maximum depth of deposit at around 4m and bedrock at 6-8m of depth. As testimonied 

by the main stratigraphic sequence and confirmed by 2D pseudosections, the subsurface 

is known to be highly inhomogeneous consisting mainly of frost weathered deposits, sands 

and silts. The vertical display of frost weathered breccia beds are more clearly shown in 

vertical cross sections. The model displays strong lateral variation at around 6m when 

values decrease down to 300Ωm. In vertical YZ slices on every 0,25cm show progressive 

narrowing of the cavity towards gallery B. The 3D model tends to resolve better the 
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prolonged low resistivity anomaly visible in 2D pseudosections in the central and western 

part of the cave, as a bowl shape and filled with fine grained sediments, such as sand, clay 

and silt, which predominate over coarse sediments in this part of the cave. The thickness 

of the anomaly vary from -3/-2m in depth to the surface. The anomaly is deepest in the 

middle part of the cavity, becoming shallower on ends. No morphological or geophysical 

evidence has been noticed, to show that there are any channels of voids present. 

Generally, model showed the morphology of the bedrock typical for caves result of 

karstification processes. The sharp boudaries between the low and high resistivity values 

at around 8m of depth may indicate unsaturated conditions or unweathered bedrock. This 

sharp passage is also testimonied in clear high frequency peak of HVSR at 15Hz and 

assuming . The model doesn’t resolve well the edges of the survey grid, which are more 

efficiently represented in a 3D model calculated using ERTlab software. In order to 

delineate better present anomalies, different color scale has been adopted ranging from 

15-900Ωm taking into account the common resitivity values for sand, silt, gravel and 

limestone. The model display rather “patchy” distribution of coarse sediments in first 2m of 

the deposit concentrated in the eastern part of the cave. The horizontal display of frost 

weathered breccia beds are more clearly shown in depth slices (Figure 4.39).The high 

resistivity anomaly in the upper right corner visible in time slices belongs to the main 

stratigraphic unit. The high data are caused by the extreme dryness of the surface of the 

wall which obstructed the readings and partially masked the underluying deposits (Figure 

4.40).  

 The interpretation of the H/V spectral ratio is closely related to the composition of 

the seismic wave-field responsible for the ambient vibration, which is in turn responsible 

both on the the sources of these vibrations and on the underground structure (SESAME, 

2004). The results from 3 stations consisting of 2 and 8 hours of continuous noise 

recording were treated in order to compute the H/V curves. The realiability of the peak 

value is usually increased with the sharpness of the H/V peak, no straightforward 

information can be directly linked to the H/V peak amplitude, but rather considered as 

indicative of the impendance contrasts at the site under study. The curves from the 

stations in the main excavation area display two broad frequency peaks at 15 and 40Hz 

and a distinctive low frequency peak at 0,4Hz. The fundamental frequency may be reliably 

estimated to 15Hz. All the H/V curves exibit a single amplitude different from 1, which 

indicates the lack of pronounced discontinuity between shallow soft deposits and the 

deeper materials. 
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Figure 4.41 Computed H/V rations  

  

 The difference in peaks intensity can be noticed in Station 1 (Salone Alto Fondo) 

where results become more fuzzy indicationg or decreasing of the constrasts or increased 

underground interface sloping. The depth is estimated by assuming an effective values of 

250/300m/s for VS in the upper and lower layer, at 4m and about 2 – 1,8 m meters of 

depth in given locations. In cases where there is a large impendace contrast , clear peaks 

may also indicate gentel undergorund interface slopes. Presence of clear frequency peaks 

in the case of horiazontally layered structures indicate structures with large impedance 
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contacts and are generally associated with either very young unconsolidated deposits, or 

very hard bedrock. Most probably the 40Hz peak can be connected with the high resistivity 

anomaly visible in ERT2 and which can be most probably explained as the compact layer 

of frost weathered breccia. The second peak, at 4m of depth correspond to the maximum 

depth of the deposit in a given location. The low frequency peaks as the one on 0,4Hz are 

generally of natural origin 

 

 

5.2 DISCUSSION AND INTERPRETATION            

 The horizontal to vertical spectral ratio (HVSR) technique using microtremors and 

electrical resistivity tomography (ERT) surveys in order to map the lateral irregularities of 

near subsurface and thickness variations of the deposit. The two- and three-dimensional 

resistivity models and H/V curves, suggest the presence of compacted sediments 

characterized with sharp contrasts of apparent resistivity and its almost “bimodal” spatial 

distribution. Pole-Pole (PP) and Wenner–Schlumberger (WSC) configuration arrays are 

conducted to model the surface and subsurface structure variations. The results of 

inversion are compared, where is possible, to the two clear HVSR peaks of high frequency 

related to the accumulations of coarse sediments and bedrock.  

 The spatial distribution of identified anomalies is strongly conditioned by the 

intension of formation processes responsible for the formation of cave’s deposit and 

depositional trends documented by archaeological excavations. In this sense, the 

accumulations of frost-weathered breccia have a fundamental role. The coarse fraction is 

presented throught the whole sequence with a medium values of 43,87% to meets its 

highest peak in sub-unit BR4 (85,36%), after which the curve tends to diminish, versus 

other two peaks all the way to its lowest values at the bottom of the deposit.. The sub-units 

where this process is evidenced the most are A7-A12, BR3-BR6, BR11 and S5-S7. These 

units are characterised with the angular breccia, the results of repeated frost weathering 

during cold phases and low partecipation of fine grained sediments such as sand, silt and 

clay. Spatial distribution of the coarse sediments showed that the frost weathering is more 

intense inside the cave and diminishes (somethimes sharply) moving outside. Also, the 

frost weathering was more extreme at the eastern (right) part of the cave and diminished 

moving in western direction where there is the predominance of fine grained sediments. 



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

150	  

This geophysical results reflect strongly this trend by the presence of high and medium 

value resistivities concetrated more in the eastern part of the cave, as evidenced in WSC 

pseudosection and three-dimensional model of the cave. The irregular spatial deposition of 

coarse sediments is also evidenced especially in first two meters of the deposit, featuring 

areas of high resistivity ranging in depth from few centimeters to 1m. The significant 

accumulation of coarse sediments/breccia visible in WSC profiles 1-3 can be connected to 

compacted accumulatios similar to those observed in sub-units BR3 and A11 partially 

exposed in quadrants 80-81 during the 2014 excavation campaign. The low resistivity 

bowl-shaped, elongated anomaly observed in central and western part of the cave, so well 

delineated in three-dimensional model of the cave reaching some 3m at its deepest point, 

is the most significant low resistivity anomaly encountered and can be connected to the 

accumulations of sands, silt and dust. However, it is important to underline, that due to the 

limits set by the techniques itself, precise identification of sub-units in centrimetric 

accuracy isn’t possible, but rather a general picture of the nature and spatial distribution of 

sedimentary infill. In other words, without invasive and destructive methods of investigation 

in order to get the confirmation of geophysical data, such as drilling or test pits, the 

success of an geophysical campaign is as good as previous preparation and site 

characterization are and the interpretation is always based on a presumed spatial 

distribution of the sedimentary infill and parameters such as thickness or moisture content.   

 Another very important factor to take into account when interpreting the geophyical 

data is the moisture content. The moisture content is one of the major factors in determing 

the ground resistivity and depends on couple of other factors such as weather, season, 

type of soil and rock. As a consequence, the value of resistivity, particularly in shallow 

depths, can change quickly and significantly with time and ground conditions. When it 

comes to Fumane, two distinctive areas can be recognized with very different moisture 

content. The entrance area outside the main excavation zone, and the main excavation 

zone. The entrance area (sothern), which also includes the main stratigraphic sequence, is 

the area that after the collapse of the cave roof and exportation of deposits that comprise 

Unit D and Unit A1-A6, has remained exposed for almost 15 years. As the result of open 

air exposure, the deposit’s surface dried out making the geophysical survey in this part of 

the site, at very least challenging due to the poor contact between the ground and the 

electrodes and resulting in very noisy data that partially compromised the interpretation.  
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 Depth to bedrock estimation from both ERT and HVSR data suffers from limitation 

on terms of accuracy and therefore the results should be always taken with some reserve. 

And while ERT the regularization of the inverse problem tends to produce smooth solution, 

the shear-wave velocity in HVSR method may introduce errors in the estimation of depth. 

In case of Fumane cave, results from the evaluation indicate that it can perform  

reasonably well, but some caution is warranted in general usage. Better site 

characterisation and better evaluation of the bedrock-sediment signature would certainly 

improve the results.   

 Given the multidisciplinary nature of archaeology, the adoption of techniques from 

other fields has become obligatory. For this study laser scanner and photogrammetry were 

used to create a base for the geophysical survey and interpretation and to produce 

georeferenced, high definition and morphologically correct 3D model of the cave, its 

environment and the elements located inside the cave. 2D documents such as sections 

and plans were extracted from the 3D model so as the different visualisations from the 

different angles.  The great advantage of these systems is mirrored in the fact that they not 

only provide the information about the individual features, such as stratigraphic 

sequences, but also manage data more efiiciently because of the data base linked to 

geographical objects.   
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5.3 CONCLUSION AND FUTURE PROSPECTS 

 

 When it comes to the exploration of the cavities, the integrated geophysical survey 

is shown as necessary in order to set up a model of the subsurface and correctly depict 

the actual ground setting. The electrical resistivity is a method of geophysical investigation 

that has a long history when it comes to investigation in karst environments and proven to 

be especially advantagenous when it comes to the detection of cavities filled by material 

that provide large resistivity contrast with the respect to the host material. In this study, 

integrated geophysical and topographical survey were employed for investigating the 

geological setting of Fumane cave. The ERT survey was aimed to show the geometry and 

thickness of the different lithological units, investigating the depth of the bedrock and 

possibly the presence of any channels and voids still obscured. In order to overcome 

resolution limitations set by different electrode configurations two different arrays were 

used in the study, to retrieve information about the lithology of host material the depth of 

investigation. The data of each set is first inverted individually and interpred jointly.  

 The implementation of seismic techniques in archaeology is not new, and over the 

years active seismic has been used with success especially in situations where there was 

a need for a gerater depth of investigation. The passive seismic until now, and HVSR 

method in particular, remained in shadow when it comes to archaeological geophysics 

even if its potential in estimation of sediment thickness and conditions is well known and 

widely implemented in geological studies. The decision to use HVSR method was 

implemented for various reasons: to supplement the ERT survey, to explore the buried 

sediments and the sediment-bedrock interface and to evaluate the method’s applicability in 

the field of archaeology. In this sense three stations were recorded in the main excavation 

area and the averaged spectra of the horizontal component divided by vertical spectrum 

computed to produce a prominent peak at the fundamental resonant frequency of the 

sediment. Even the specimen was small to draw definite conclusions, the results showed 

that there is the potential and space for improvement. New studies are needed in order to 

investigate the full possibilities of the method and its applicability for the investigation of 
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cave sites. The resulting high frequency peaks, also managed to produce results 

comparable with those from ERT method, even if some errors in data must be taken into 

account due to lateral variation of seismic velocity.  It is important to underline, that the 

available data are not by any means the definitive and absolutely accurate description of 

the buried sediments, and that they have to be taken always with reserve when there is no 

possibility to confirm them. There is no a guideline for the geophysical data interpretation 

but rather indications and the subjectivity can never be totally avoided. While in most of the 

cases there are very clear situations where the risk of mistake is practically equal to zero, 

there is still a high percentage of cases where the interpretation is uneasy and must call to 

some extend on “expert” judgment, personal experience and further investigations.   

 Integrated geophysical and topographical three-dimensional survey are becoming 

more popular during the last years, due to the multiple benefits that one ultra-dense 

topographic survey can bring not only in the relation with geophyscial data, but also for the 

preservation and documentation of archaeological record. Archaeological excavations are 

by nature destructive and therefore may render later reproduction of the data potentially 

very diffcult if the appropriate measure of documentation have not been implemented. In 

summary, the conclusions considering this study can be drawn as following: 

• High resolution 2D and 3D geophysical ERT surveys made it possible to detect with 

acceptable approximation the nature of the sedimentay infill, geomteries and 

thickness of the deposit and the most probable position of the bedrock with minimal 

disturbance and damage to the site.  And while the WSC gave the good insight for 

first 2-3m of the deposit, using PP it was possible to reach the bedrock at about 4-

5m of depth. Unfortunately, the ERT technique  didn’t reslolved well the edges of 

the grid or the bedrock morphology, and was influenced by the moisture content of 

the sediments in different areas of the site. 

• The results from the evaluation, suggest the applicability of HVSR method for the 

investigation of geologicaly complex structures such as cave sites. The results of 

the test survey indicate the potential of the method to map the lateral irregularities 

of near subsurface and thickness variations of the deposit. Unfortunately small 

sample allowed only the investigation of the deposit luying directly under the sensor 

and therefore cannot be applied to the rest of the deposit rising a need for a new, 

more detailed survey.  
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• The integrated interpretation of resitivity and seismic data makes it possible to 

reduce ambiguity and in fact the high resistivity anomalies and high velocity 

anomalies could be due to the more conductive and more compact material. By 

plotting the results on the same scale the reasonable correlations can significantly 

minimise the uncertainces in interpretation and rise the possibility to locate possible 

buried archaeological features.  

•  The implementation of high definiton 3D survey techniques resuted in accurate and 

morphologicaly correct model of the site and made it possible to generate sections 

in any chosen orientation or position in either surface or point cloud format. In this 

way spatial information can be extracted and 2D planimetries, profiles or sections 

can be created through CAD applications and integrated into the geophysical 

model.  

• The posibility of free navigation inside the point cloud has made possible 3D 

visualisations as seen from any selected point inside the cave to outside and vice 

versa. Also by implementing the photogrammetry it is possible to drape image over 

the parts of the surface to have more detail and definition.  

• The creation of metrically accurate dataset provided by the surveys spatial data, 

offers the possibility to explore other facts of the site, such as correlation of layers in 

different areas or spatial plotting and provide an accurate 3D record for the future 

archaeological investigations facilitating quantitative analysis, eventual conservation 

and preservation planning and site managing.  

 Before the 3D survey, the documentation carried out before the 3D geophysical and 

topographical survey regarding the Fumane cave, consisted of photographs and hand and 

computer drawn 2D planimetries and sections which are able to reflect only partially the 

complexity of the site. An image or a drawing contains only non-planar 3D information 

projected in 2D views and this restricts the way the data can be used. Holding in mind the 

destructive nature of the archaeological excavations and dangers both of human and 

natural origin, the importance of the new ways of the documentation of cultural heritage is 

more important than ever. Great advantages in the field of geophysics, informatics and 3D 

modeling, have permitted the creation of high-resolution and photo-realistic 3D model of 

the cave and its buried deposits which can be manipulated and edited at any time in order 

to perform other studies or extract the information without the need to return to the site. 
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Although there is still the space for improvement, especially when it comes to the merging 

of geophysical and topographical data, the availability of metric and graphic surveys 

combined with the geological, archaeological, biological, paleontological and cultural 

heritage studies, can serve as a base for the establishment of the rich scientific archive 

which can address a whole variety of topics ranging from site logistics to conservation and 

management of the digital heritage.     
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APPENDIX  – Glossary  

 

ABSORPTION - the transfer of the energy of a wave to matter as the wave passes through 

it. The energy of an acoustic, electromagnetic or other wave is proportional to the square 

of its amplitude. If there is only a small fractional absorption of energy, the medium is said 

to be transparent to the particular radiation, but if all the energy is lost the medium is said 

to be opaque  

ACCURACY – (laser systems) The maximum deviation of a measurement from a known 

standard or true value 

ACOUSTIC IMPENDENCE -  absorption of sound in a medium, equal to the ratio of the 

sound pressure at a boundary surface to the sound flux (flow velocity of the particles or 

volume velocity, times area) through the surface. 

ALLUVIUM – sediment deposited by flawing water 

ALLUVIAL SEDIMENTS – sediments transported and deposited by flowing water  

ALTERNATING CURRENT (AC)  one of two main types of electrical current (see Direct 

current). Alternating current is the continuous flow of electric current in two directions. It is 

introduced first type in the 1880s by Serbian scientist Nikola Tesla, and it is in standard 

use today 

AMPERE (I)  - measure of electric current, commonly called “amp” . One Amp is the 

current that will flow through one ohm resistance when direct current (DC) of one Volt is 

applied accros it. It is named after French mathematician and physicist Andre-Marie 

Ampere 

AMPLITUDE – the maximum displacement or distance moved by a point on a vibrating 

body or wave measured from its equilibrium position. It is equal to one-half the length of 

the vibration path  

ANALOGY – a form of argument in which the known phenomenon is considered to 

represent crucial aspects of a less understood phenomenon 
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ANOMALY- term used in geophysics referring to measurements that standing out as being 

different form the background measurements, indicating the presence of a local geological, 

archaeological or biological feature with different physical properties 

APPARENT RESISTIVITY - measurement of resistivity which is calculated as the product 

of the measured resistance (R) and a geomagnetic factor (K), a volume average of a 

heterogeneous half-space, except that the averaging is not arithmetic but dependent on 

each instrument and how it is used. The apparent resistivity ρa is defined in DC resistivity 

as: ρa = 2πk*∆V⁄ I where ∆V is the voltage between two potential electrodes, k is 

geometric factor and I is the current that flows through the media 

ARCHAEOLOGICAL GEOPHYSICS -  application of geophysical methods, principles and 

theory to archaeological context 

ANTHROPOGENIC SOILS – soils enriched by organic and non-organic wastes due to 

human occupation 

AURIGNATIAN -  toolmaking industry and artistic tradition of Upper Paleolithic Europe that 

followed the Mousterian industry, was contemporary with the Perigordian, and was 

succeeded by the Solutrean. The Aurignacian culture was marked by a great 

diversification and specialization of tools, including the invention of the burin, or engraving 

tool, that made much of the art possible. The Aurignacian differs from other Upper 

Paleolithic industries mainly in a preponderance of stone flake tools rather than blades. 

Flakes were retouched to make nosed scrapers, carinate (ridged) scrapers, and end 

scrapers. Blades and burins were made by the punch technique and came in several 

sizes. Bones and antlers were made into points and awls by splitting, sawing, and 

smoothing; split-base and biconical points provide evidence for hafting. The art of the 

Aurignacian culture represents the first complete tradition in the history of art, moving from 

awkward attempts to a well-developed, mature style. The earliest examples of the small, 

portable art objects produced during this period are from western Europe and consist of 

pebbles with very simple engravings of animal forms. Later, animal figures were carved in 

pieces of bone and ivory. 

BIOTURBATION – disturbance of sediments by living creatures  

BRECCIA - Breccia is a rock formed from angular gravel and boulder-sized clasts 

cemented together in a matrix. The angular nature of the clasts indicates that they have 
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not been transported very far from their source. The matrix can consist solely of the 

cementing material, but may also contain sand and / or silt sized clasts cemented together 

among the coarser clasts. 

CALCITE - only common non-silicate rock forming mineral, being instead calcium 

carbonate. Calcite is one of the most ubiquitous minerals, being an important rock forming 

mineral in sedimentary environments. It is an essential component of limestones, and 

occurs in other sedimentary rocks. It also occurs in metamorphic and igneous rocks, and is 

common in hydrothermal environments. Calcite is a common vein filling mineral in many 

rock types. 

CONDUCTANCE - ability of a medium to conduct electricity, measured by the ratio of the 

current flowing through the system to the potential difference across it. Conductance is the 

reciprocal of resistance, as the conductivity is reciprocal of resistivity. It unit of 

conductance is Siemens (S) 

COLLUVIUM – sediment moved downslope by sheet wash or mass sliding  

COLLUVIAL SEDIMENTS – sediments deposited primarily through the action of gravity on 

geological material luying on hillside  

CURRENT - movement of charges across a given cross-sectional area in a unit of time 

CURRENT DENSITY - current divided by the cross-sectional of the material through which 

it is flowing: j = i ⁄ t 

DEPTH OF PENETRATION (δ) - depth at which wave amplitude drops to about one third 

of its original value. Sometimes is called also the skin depth or the maximum depth 

sensitivity of EM wave. Depth of penetration decreases with increasing conductivity 

DIAGENESIS – chemical and physical processes by which organic and inorganic 

sediments transform into rock (mineral replacement, compaction, etc.) 

DIRECT CURRENT (DC) - of two main types of electrical current (see Alternating current). 

It is used in electrical resistivity methods of prospection. Direct current is the continuous 

wave of electrical current in one direction through a conductor, such as a wire, from high to 

low potential. In direct current, the electrical charges flow in the same direction, 

distinguishing it from alternating current. It is limited to low voltage applications and 

transmission over short distances 
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ELECTRICAL RESISTIVITY - active geophysical survey technique that injects a current 

into the ground and measures the potential difference between two points. Measured in 

ohm/meters (ohm ⁄m) 

ELECTRICAL RESISTANCE - esistance to the flow of electrical current as determined by 

Ohm’s Law. The measurement is partially dependent on probe configuration. Resistance is 

used to measure resistivity 

ELECTRICAL TOMOGRAPHY - The process of slicing the data cube of resistivity 

measurements horizontally to generate plan views at various depths, and vertically to 

create section revealing stratigraphic relationships 

ELECTROMAGNETIC WAVE - wave produced by an electric current which oscillates back 

and forth in a conductive body, producing a subsidiary magnetic field 

ENDOGENOUS – originating within the system primarily affected 

EOLIAN SEDIMENTS – material transported and accumulated by wind  

EQUIPOTENTIAL SURFACES -  Hemispherical surfaces caused by current flow. Since 

the current distribution is equal in all directions, the potential is also equal. By drawing the 

lines through the points possessing the same potential, the potential at any point of the 

map can be determined 

EXOGENOUS – originating externally to the system affected 

EXTERIOR ORIENTATION  - exterior orientation parameters include angular attitude, 

opposite from interior orientation parameters, in order to include position.  

FACIES – lateral difference in sedimentary layers reflecting differences in environments of 

deposition 

FOCAL LENGTH - The focal length of an optical system is a measure of how strongly the 

system converges or diverges light. For an optical system in air, it is the distance over 

which initially collimated rays are brought to a focus. A system with a shorter focal length 

has greater optical power than one with a long focal length; that is, it bends the rays more 

sharply, bringing them to a focus in a shorter distance. 

FREQUENCY – number of waves that pass a fixed point in unit of time; also the number of 

cycles or vibrations undergone during one unit of time by a body in periodic motion. A body 
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in periodic motion is said to have undergone one cycle or one vibration after passing 

through a series of events or positions and returning to its original state. Usually frequency 

is expressed in the hertz unit, named in honour of the 19th-century German physicist 

Heinrich Rudolf Hertz, 1 Hz being equal to one cycle per second, one kilohertz (kHz) is 

1,000 Hz, and one megahertz (MHz) is 1,000,000 Hz 

HERTZ - unit of frequency typically in thousands (kHz) or millions (MHz) of cycles per 

second 

GEOPHONE - an acoustic detector that responds to ground vibrations generated by 

seismic waves. Geophones are placed on the ground surface in various patterns, or 

arrays, to record the vibrations generated by explosives in seismic reflection and refraction 

work 

GEOMORPHOLOGY – the study of landforms, especially the processes of formation and 

erosion 

HOLOCENE – younger of the two epochs that constitute the Quaternary Period and the 

most recent geological epoch, following the last Glacial Maximum, covering approximately 

the last 11,700 years of the Earth’s history. The sediments of the Holocene, both 

continental and marine, cover the largest area of the globe of any epoch in the geologic 

record, but the Holocene is unique because it is coincident with the late and post-Stone 

Age history of mankind.  

KARST – landscape in limestone eroded by streams flowing mainly beneath the surface, 

typically characterized by the presence of caves, rockshelters and sinkholes.  

INTERFACE – conformable contact surface between two different beds in a stratified 

sequence 

INTERIOR ORIENTATION – in english language, the orientation of an object implies 

direction or angular attitude, but it photogrammetric field, deriving from german, applies a 

groups of camera parameters. Interiror orientation parameters, which include a distance, 

two coordinates and a number of polynominal coefficients, involve no angular values  

LIMESTONE - a sedimentary rock consisting of more than 50% calcium carbonate (calcite 

- CaCO3). There are many different types of limestone formed through a variety of 

processes. Limestone can be precipitated from water (non-clastic, chemical or inorganic 
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limestone), secreted by marine organisms such as algae and coral (biochemical 

limestone), or can form from the shells of dead sea creatures (bioclastic limestone). Some 

limestones form from the cementation of sand and / or mud by calcite (clastic limestone), 

and these often have the appearance of sandstone or mudstone. As calcite is the principle 

mineral component of limestone.  

LOESS – aeolian, mineral rich sediment formed by the accumulation of wind-blown silt, 

typically in the 20–50 micrometer size range. It generally occurs as a blanket deposit that 

covers areas of hundreds of square kilometers and tens of meters thick. In several areas 

of the world, loess ridges have formed that are aligned with the prevealing winds during 

the last glacial maximum https://en.wikipedia.org/wiki/Glacial_maximum. 

MAGNETIC PERMEABILITY (µ) - measure of ability of a medium to become magnetized 

when electromagnetic field is imposed on it. Relative magnetic permeability is given by µr 

= µ ⁄µ0 and it is the ration of the magnetic permeability of the medium and magnetic 

permeability of the free space ( µ0 = 4π x 10-7 H⁄ m) 

MARKER BED – an easily identified geologic layer whose age has been independently 

confirmed at numerous locations and whose presence can be used to date the 

archaeological and geological sediment (Kelly and Thompson, 2010) 

MICA – a group of sheet silicate (phyllosilicate) minerals includes several closely related 

materials having nearly perfect basal cleavage. They are often found in igneous rocks 

such as granite and metamorphic rocks such as schist. 

MOUSTERIAN - tool culture traditionally associated with Neanderthal man in Europe, 

western Asia, and northern Africa during the early Fourth (Würm) Glacial Period (c. 40,000 

bc). The Mousterian tool assemblage shows flaking techniques in common with the 

Clactonian, as well as the frequent practice in some assemblages of the Levallois flaking 

technique. Mousterian implements disappeared abruptly from Europe with the passing of 

Neanderthal man. 

OHM’S LAW First presented by German physicist Georg Simon Ohm, states that current is 

directly proportional to voltage V and inversely proportional to resistance R: I = V⁄ R. The 

unit of resistivity is ohm/m 

OHM/M -  unit of resistivity, an intristic property of soil which depends on type, particle 

size, compaction, dissolved ion content, moisture and other factors 
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PEDOGENESIS – process of soil formation at the surface of sedimentary bodies  

PHASE - the fraction of a period (i.e., the time required to complete a full cycle) that a 

point completes after last passing through the reference, or zero, position. (encyclopedia 

Britannica) 

PIXEL - Smallest resolved unit of a video image that has specific luminescence and 

colour. Its proportions are determined by the number of lines making up the scanning 

raster (the pattern of dots that form the image) and the resolution along each line. In the 

most common form of computer graphics, the thousands of tiny pixels that make up an 

individual image are projected onto a display screen as illuminated dots that from a 

distance appear as a continuous image. An electron beam creates the grid of pixels by 

tracing each horizontal line from left to right, one pixel at a time, from the top line to the 

bottom line. A pixel may also be the smallest element of a light-sensitive device, such as 

cameras that use charge-coupled devices.  

PLEISTOCENE -  earlier and major of the two epochs that constitute the Quaternary 

Period of the Earth’s history, and the time period during which a succession of glacial and 

interglacial climatic cycles occurred. The base of the Gelasian Stage (2,588,000 to 

1,800,000 years ago) marks the beginning of Pleistocene, which is also the base of the 

Quarternary Period. It is coincident with the bottom of a marly layer resting atop a sapropel 

called MPRS 250 on the southern slopes of Monte San Nicola in Sicily, Italy, and is 

associated with the Gauss-Matuyama geomagnetic reversal. The Pleistocene ended 

11,700 years ago. 

POISSON’S RATIO – the negative ratio of transverse to axial strain. When a material is 

compressed in one direction, it usually tends to expand in the other two directions 

perpendicular to the direction of compression. This phenomenon is called the Poisson 
effect. Poisson's ratio ν is a measure of this effect. The Poisson ratio is the fraction (or 

percent) of expansion divided by the fraction (or percent) of compression, for small values 

of these changes. 

RELATIVE DIELECTRIC PERMITTIVITY (RDP) - measures the ability of material to store 

a charge when an electrical field is applied. Relative dielectric permittivity is given by εr = 

(ε ⁄εo) and it is the ratio of the dielectric permittivity of the medium to the electric permittivity 

of free space ( ε0 = 8,85 x 10-12 F⁄ m) 
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REPEATABILITY – (laser systems) The maximum deviation between measurements 

under the same conditions and with the same measuring instrument. This also refers to 

how stable the measurement will be over time 

SEDIMENT – unconsolidated mineral matter deposited on the surface of the Earth 

SEDIMENTARY – rock composed of matter transported by wind, water or ice, and 

consolidated after the deposition 

SEQUENCE – order of events in time 

SEISMIC SURVEY - method of investigating subterranean structure, particularly as related 

to exploration for petroleum, natural gas, and mineral deposits. The technique is based on 

determinations of the time interval that elapses between the initiation of a seismic wave at 

a selected shop point and the arrival of reflected or refracted impulses at one or more 

seismic detectors. Upon arrival at the detectors, the amplitude and timing of waves are 

recorded to give a seismogram (record of ground vibrations).  

SEISMIC WAVE - vibration generated by an earthquake, explosion, or similar energetic 

source and propagated within the Earth or along its surface. Earthquakes generate four 

principal types of elastic waves; two, known as body waves, travel within the Earth, 

whereas the other two, called surface waves, travel along its surface. Seismographs 

record the amplitude and frequency of seismic waves and yield information about the 

Earth and its subsurface structure. Artificially generated seismic waves recorded during 

seismic surveys are used to collect data in oil and gas prospecting and engineering.  

SHIFT – (photography) shift movements enable the photographer to shift the location of 

the lens's imaging circle relative to the digital camera sensor. This means that the lens's 

center of perspective no longer corresponds the the image's center of perspective, and 

produces an effect similar to only using a crop from the side of a correspondingly wider 

angle lens.  

SILT - solid, dust-like sediment that water, ice, and wind transport and deposit. Silt is made 

up of rock and mineral particles that are larger than clay but smaller than sand. Individual 

silt particles are so small that they are difficult to see. To be classified as silt, a particle 

must be less than .005 centimeters (.002 inches) across. Silt is found in soil, along with 

other types of sediment such as clay, sand, and gravel. Silt is created when rock is 

eroded, or worn away, by water and ice. 
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STRAIN - A strain is measure of deformation representing the displacement between 

particles in the body relative to a reference length. A general deformation of a body can be 

expressed in the form x= f(x), where x is the reference position of material points in the 

body. Such a measure does not distinguish between rigid body motions (translations and 

rotations) and changes in shape (and size) of the body. 

STRATIFICATION – record of past events, processes and states preserved in sequence 

within sediments 

VIBRATION - periodic back-and-forth motion of the particles of an elastic body or medium, 

commonly resulting when almost any physical system is displaced from its equilibrium 

condition and allowed to respond to the forces that tend to restore equilibrium.  

TILT – (photography) tilt movements enable the photographer to tilt the plane of sharpest 

focus so that it no longer lies perpendicular to the lens axis. This produces a wedge-

shaped depth of field whose width increases farther from the camera. The tilt effect 

therefore does not necessarily increase depth of field—it just allows the photographer to 

customize its location to better suit their subject matter. 

TUFF - an igneous rock that forms from the products of an explosive volcanic eruption. In 

these eruptions the volcano blasts rock, ash, magma and other materials from its vent. 

This ejecta travels through the air and falls back to Earth in the area surrounding the 

volcano. If the ejected material is compacted and cemented into a rock that rock will be 

called "tuff". 

ULUZZIAN - one of Europe's ‘transitional’, Middle to Upper Paleolithic technocomplexes, 

firstly attibuted to Neanderthals  and recently to modern humans. The position of the 

Uluzzian at stratified sequences, always overlying late Mousterian layers and underlying 

early Upper Palaeolithic ones, highlights its significance in understanding the passage 

from the Middle to Upper Palaeolithic, as well as the replacement of Neanderthals by 

modern humans in southeastern Mediterranean Europe. According to the new absolute 

dates. Uluzzian arrived in Italy and Greece shortly before 45,000 years ago and its final 

stages are placed at ∼39,500 years ago.  

UPPER PALEOLITHIC - ancient cultural stage, or level, of human development, 

characterized by the use of rudimentary chipped stone tools.  The onset of the Paleolithic 

Period has traditionally coincided with the first evidence of tool construction and use by 
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Homo some 2.5 million years ago, near the beginning of the Pleistocene Epoch (about 2.6 

million to 11,700 years ago). 

MIDDLE PALEOLITHIC - The Middle Paleolithic has widely been understood as the epoch 

of the Neanderthals, including early (Pre- Neanderthals) and classic Neanderthals. The 

onset of the Middle Paleolithic has conventionally been defined as the time when the 

Levallois concept of flake production became a dominant and regular feature in stone 

artifact assemblages. According to the mentioned definition, the Central European Middle 

Paleolithic lasted from 300 to 30 ka and spanned over three major glacials and two 

intersecting interglacials (MIS 8 – first half of MIS3). Modern Man appeared in the Near 

East (around 90 ka) and in Europe (around 40 ka) and Neanderthals were extinct (around 

30 ka). The extinction of Neanderthal man coincides with the end of the Middle Paleolithic.  

WAVE – propagation of disturbance from place to place in a regular and organized way. In 

the simplest waves, the disturbance oscillates periodically with a fixed frequency and 

wavelength. Propagation of a wave through a medium depends on the medium’s 

properties. (encyclopedia Britannica) 

WAVE FRONT – a surface connecting all the point of equal travel time from the source.  

WAVELENGHT – distance between the corresponding points of two consecutive waves. 

Corrisponding points refers to two points or particles in the same phase (points that have 

completed identical fractions of their periodic motion). It measured from crest to crest. 

Wavelenght is usually denoted by the Greek letter lambda λ. (encyclopedia Britannica) 

QUARTZ - a complex silicate in which all the oxygen atoms of the SiO4 tetrahedra are 

shared between two tetrahedra, leading to complex 3-dimensional frameworks. Quartz is 

among the most common of all rock forming minerals and is found in many metamorphic 

rocks, sedimentary rocks, and those igneous rocks that are high in silica content such as 

granites and rhyolites. It is a common vein mineral and is often associated with mineral 

deposits. 

	  

	  

	  

	  



Interdisciplinary three-dimensional investigation of the Early Prehistoric deposits of Fumane Cave (Verona, Italy) 

PhD, Marija Obradovic 

	  
	  

183	  

	  

APPENDIX II – Additional 2D and 3D models 

 

PP – RES2DINV ERT 1-6 
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PP – RES2DINV ERT 6-11 
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ERTlab – Isosurfaces featuring different resistivity values   
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