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Abstract: The main purpose of this study is the determination of the optimal data acquisition and 16 

processing parameters of electric and seismic tomographic techniques, for the investigation of com- 17 

plex geological environments. Two different study areas, in central-east Peloponnese and SE Attica 18 

were selected, where a detailed geological mapping and surface geophysical survey were carried 19 

out. The applied geophysical survey included the application of electrical resistivity tomography 20 

(ERT) and seismic refraction tomography (SRT). The geoelectrical measurements were acquired 21 

with different arrays and electrode configurations. Moreover, various types of seismic sources were 22 

used at seventeen shot locations along the seismic arrays. For the processing of geoelectrical data, 23 

clustered datasets were created increasing the depth of investigation and the discriminatory capa- 24 

bility. The seismic data processing included: (a) creation of synthetic models and seismic records to 25 

determine the effectiveness and capabilities of the technique, (b) spectral analysis of the seismic 26 

records to determine the optimal seismic source type and (c) inversion of the field data to create 27 

representative subsurface velocity models. The results of the two techniques successfully delineated 28 

the complex subsurface structure that characterizes these two geological environments. The appli- 29 

cation of the ERT combined with the SRT, are the two dominant, high-resolution techniques for the 30 

elucidation of complex subsurface structures. 31 

Keywords: ERT; SRT; seismic sources comparison; spectral analysis; forward modelling; GPR; mag- 32 

matic intrusion. 33 

 34 

1. Introduction 35 

Subsurface investigation of complex geological environments had always been a ma- 36 

jor challenge for near-surface applied geophysics. A complex geological environment re- 37 

fers to an area where various geological factors interact with each other in complicated 38 

processes, resulting in a dynamic and rapidly changing environment. These environ- 39 

ments usually consist by a variety of geological formations, usually succeeding each other 40 

over a relatively short distance. They are characterized by the presence of extensional and 41 

compressional tectonic structures (faults, folds, overthrusts, detachments), due to the 42 

multiple deformational phases that have undergone. In addition to the tectonic causes, 43 

the exposure of the geological formations to exogenous and endogenous processes, such 44 
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as erosion, weathering, faulting, magmatism and hydrothermal fluid circulation, further 45 

contributes to the complexity of the geological environment. All the above processes pose 46 

significant challenges in terms of investigating and interpreting the factors that led to the 47 

creation of such environments. 48 

One dimensional (1D) geophysical techniques, such as transient electromagnetics 49 

(TEM), borehole logging and vertical electrical sounding (VES), as well as geotechnical 50 

investigation techniques like boreholes, are incapable of delineating adequately the sub- 51 

surface structure of such environments, due to the presence of strong lateral variations 52 

[1,2]. Moreover, the high-resolution seismic profiling technique often gets affected, re- 53 

garding the data quality, by diffraction and scattering phenomena, multiple reflections 54 

and unsuccessful utilization of migration techniques, due to the strong near-surface ve- 55 

locity contrasts and lateral velocity variations in fault zones [3,4]. 56 

Among several geophysical methods, electrical resistivity tomography (ERT) is a 57 

high-resolution and effective technique, capable of producing 2D or/and 3D subsurface 58 

resistivity distributions [5-7], which can typically be corelated with spatial variations in 59 

the lithological composition and the presence of tectonic structures in the investigated 60 

subsurface section. It has been widely applied to gain information about the location and 61 

structural characteristics of near-surface fault zones, their effective depth and estimate the 62 

width of the affected zone [8-11]. Furthermore, the ERT has been applied in complex geo- 63 

logical environments for the delineation of conductive [12,13] and weathered zones [14], 64 

as well as for geotechnical purposes regarding the investigation of subsurface air-filled 65 

voids, fractures and bedrock’s depth [15-17]. 66 

The seismic refraction method is a widely applied geophysical method for near-sur- 67 

face investigations. Conventional seismic refraction processing techniques fail to reveal 68 

the true subsurface structure in complex environments, since they utilize oversimplified 69 

geometry, by dividing the substratum into discrete layers of constant velocity. However, 70 

recent advances in seismic data acquisition and complex inversion algorithms have estab- 71 

lished the seismic refraction tomography (SRT) technique as a prime geophysical tool for 72 

subsurface investigation in such environments [17,18]. These algorithms allow for the in- 73 

version of the P-wave first arrivals, resolving both vertical and lateral velocity variations 74 

in the subsurface, due to the presence of localized anomalies such as fault zones, karstic 75 

voids, boulders and lateral lithological variations [19,20]. Several authors have recom- 76 

mended the application of seismic refraction tomography (SRT) technique, for subsurface 77 

investigation in complex geological environments, as a way to overcome the limitations 78 

of the seismic profiling techniques [21-23]. 79 

The combined application and evaluation of the ERT and SRT techniques is proved 80 

to provide a more comprehensive picture of the subsurface structure, particularly in com- 81 

plex geological environments, since they are sensitive to different physical properties var- 82 

iations [6,20,24]. This combination enhances the interpretation by allowing the cross-vali- 83 

dation of the results and reduction of the ambiguities that might arise when using a single 84 

method, thereby improving the reliability and accuracy of the geological interpretation. It 85 

benefits also the identification and characterization of a wide range of subsurface struc- 86 

tures, including lithological variations and structural discontinuities. 87 

The main purpose of the present study was the determination of the optimal acqui- 88 

sition and processing parameters of ERT and SRT geophysical data, for the investigation 89 

of complex geological environments. To this end, two different study areas characterized 90 

by a complex geological structure were chosen for investigation. The first site is located in 91 

the wider area of Ano Doliana Arcadia (Figure 1), where, according to the detailed geolog- 92 

ical mapping carried out at the survey site, it is characterized by a variety of formations 93 

with different lithological composition and intense tectonic activity, resulting in a partic- 94 

ularly complex geological environment. The second site is located in the area of Plaka (Fig- 95 

ure 3) in SE Attica, where an Upper Miocene granodiorite intrusion and the associated 96 

contact metamorphism and deformation of the surrounding formations, has further exac- 97 

erbated the complexity of the local geological structure. 98 
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2. Geological setting 99 

2.1. The 1st study area Kleisoura Valley, Ano Doliana 100 

The first study area of Kleisoura Valley is primarily composed of Alpine formations 101 

that belong to three distinct geotectonic units of the Outer Hellenides. These units have 102 

been tectonically juxtaposed during the Alpine orogenetic cycle, involving processes as- 103 

sociated with the initial stage of subduction and the late-orogenetic extensional stage. For 104 

the needs of the present study, a detailed geological mapping at a scale of 1:7500 was 105 

carried out, at the area where the near-surface geophysical survey was to be applied. In 106 

this way, we managed to identify the geological environment and surface structure of the 107 

study area and collect all the necessary information to evaluate the geophysical results. In 108 

Figure 1, the detailed geological map constructed for the study area is presented, where 109 

the location to which the geophysical survey was applied is noted by the red mark. 110 

The study area includes the following Alpine units from bottom to top: the high- 111 

pressure metamorphosed Phyllite-Quartzite Unit, the very-low grade to non-metamor- 112 

phosed neritic Tripolitza Unit and the uppermost pelagic Pindos Unit. 113 

The lower unit is the Phyllite-Quartzite series of Permo-Triassic age [25], which 114 

mainly consists of schists alternating with quartzites, metapelites and phyllites (Figure 2f). 115 

This series is characterized by abrupt changes in lithological facies both laterally and ver- 116 

tically. The main petrographic types in this series include greenschists with residual glau- 117 

cophane and paragonite; schists with chloritoid and glaucophane; chloritic-paragonitic- 118 

muscovitic schists with garnet; mica-quartzites with hematite, ilmenite and tourmaline; 119 

and muscovitic-quartzose phyllites with chloritoid. According to the existing mineralog- 120 

ical paragenesis (presence or absence of Na-amphibole) and due to the wide variety of 121 

petrographic types, the Phyllite-Quartzite series reflect a broad range of metamorphic 122 

conditions (T=280-480C°/P=2-10kb), corresponding to the blueschist and subsequent 123 

greenschist metamorphism facies [26]. 124 

The Phyllite-Quartzite series are tectonically overlain by Tripolitza Unit, which is the 125 

lowest non-metamorphic unit observed in the study area, mainly comprising two for- 126 

mations: a) an Oligocene flysch (Figure 2b), which is characterized by alternating fine- 127 

grained thin-bedded brownish sandstones, thin interbeds of pelites and sparse limestones 128 

lenses or interbeds. b) massive to thick-bedded and occasionally medium-bedded, grey- 129 

black, often bituminous and intensely karstic limestones and dolomites of Paleocene-late 130 

Eocene age (Figure 2a, d). In many cases, the transition from the Eocene limestones to the 131 

flysch is either gradual, marked by a few meters thick light-colored marly limestones (Fig- 132 

ure 2a, c), or abrupt through high-angle faults (Figure 2d). It should be noted that several 133 

isolated Tripolitza limestones were observed, west of the provincial road, within the 134 

flysch of the same unit (Figure 2a). In these locations, the limestones appear to be folded 135 

and in most cases are bounded at their contact with the flysch by faults. Moreover, along 136 

the provincial road, an abrupt transition from the limestones to the flysch of Tripolitza 137 

Unit was observed, characterized by the presence of thick breccia (non-cohesive to cohe- 138 

sive cataclasites) at the structural top of the limestones (Figure 2e). 139 
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 140 

Figure 1. Detailed geological map of the 1st study area (Kleisoura Valley, Ano Doliana). 141 

The structurally highest unit of the region is the Pindos Unit (or Pindos nappe). The 142 

Pindos nappe primarily occupies the highest topographic regions, both west and east, 143 

along the central axis of the study area. In the study area it includes formations of the 144 
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upper part of the stratigraphic column (e.g., the “Arcadian nappe”) [26], primarily pelagic 145 

thin-bedded biomicritic Cretaceous limestones (Figure 2a), alternating with thin chert lay- 146 

ers and nodules and thin red to yellow pelitic layers. For the most part, the Pindos lime- 147 

stones are seen overlying the Tripolitza flysch, but at the southern part, they overlie the 148 

Phyllite-Quartzite series. 149 

 150 

Figure 2. (a) General view of the west flank of the Kleisoura Valley where the “Arcadian nappe” 151 
(Pindos limestones- Pl) overlies the Tripolitza Unit; (b) Close-up view of Tripolitza flysch (fl); (c-d) 152 
The transition from the Tripolitza limestones (Tl) to the flysch (fl) through transitional marly lime- 153 
stone (ml) beds (c), or high-angle fault (d); (e) Thick tectonic breccia located at the structurally high- 154 
est levels of the Tripolitza limestones; (f) Phyllite-Quartzite series: boudinaged light colored quartz- 155 
itic layers (Q) surrounded by gray-green phyllites (Ph). 156 
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The post-alpine sediments are seen north of the study area and include polymict Pli- 157 

ocene conglomerates featuring clasts originating from all the units (including metamor- 158 

phic rocks of the Phyllite-Quartzite series). Moreover, Quaternary river deposits are pre- 159 

sent, mainly found along the Kleisoura Valley stream and alluvial deposits of considerable 160 

thickness resulting from in situ weathering. 161 

The thrusting of the Pindos Unit on the Tripolitza Unit took place during the Middle 162 

Eocene to Oligocene, when the Tripolitza Unit was accreted in the overriding plate. Sub- 163 

sequently, this was followed by a synorogenic exhumation stage in the subduction chan- 164 

nel and later by an extensional late-orogenic stage. Eventually, the metamorphosed Phyl- 165 

lite-Quartzite series were exhumed to upper crustal levels through a crustal-scale detach- 166 

ment system. 167 

The detachment is exposed at the northern part of Kleisoura Valley, where the Tripo- 168 

litza flysch and limestone are juxtaposed through a low-angle normal fault (dip ~10°-20°), 169 

generally diping towards the south. Conversely, in the southern part, the detachment fault 170 

presents a similar low-angle geometry (10°-20°) but dips generally towards the north. This 171 

change in dip direction is attributed to later neotectonic high-angle normal faults that 172 

crosscut all the previous compressional and extensional structures. 173 

2.2. The 2nd study area “Plaka” 174 

In Figure 3, the detailed geological map, modified after [27], of the wider study area 175 

is presented, where the location to which the geophysical survey was applied is noted by 176 

the red mark. 177 

Lavreotiki (south Attica) is located in the northwestern part of the Attic-Cycladic 178 

crystalline complex and its structure is primarily controlled by a significant detachment 179 

fault with a top-to-SW sense of shear associated with the West Cycladic Detachment Sys- 180 

tem [28,29]. The footwall of this detachment system includes formations of the Kamariza 181 

Unit, while the hanging wall is characterized by a complex structure that encompasses the 182 

metamorphic Lavrion Unit, the non-metamorphic Berzekos Unit and scattered occur- 183 

rences of Neogene sediments. Moreover, the metamorphic units have been intruded by 184 

late Miocene magmatic bodies. 185 

The Kamariza Unit is the structurally lowermost unit of Attica comprising three for- 186 

mations: the generally coarse-grained white Lower Kamariza Marble, the lithologicaly 187 

heterogeneous brownish calcareous Kamariza Schists (Figure 4g) and the white to blue- 188 

gray, ultra-mylonitic Upper Kamariza Marble (Figure 4f), with its upper boundary iden- 189 

tified as the surface of the detachment fault (Figure. 4a) [28,30,31]. Due to contact meta- 190 

morphism, the Kamariza schists have become hornfels within a few hundred meters ra- 191 

dius around the primary granodioritic intrusion [32]. 192 

The Lavrion Unit of Mesozoic age is tectonically overlying the Kamariza Unit and 193 

constitutes the intermediate tectonic unit. It comprises from bottom to top the Triassic- 194 

Jurassic Pounta Marble (Figure 4e), the Lavrion schists and the Mavrovouni Marble [28]. 195 

The Lavrion Unit is characterized by Eocene age blueschist-facies metamorphism, fol- 196 

lowed by greenschist metamorphism during the Oligocene. 197 

Finally, the uppermost unit is the the non-metamorphic Berzekos Unit, which con- 198 

sists of radiolarites, sandstones and cherts and is rich in late Jurassic-early Cretaceous sil- 199 

icate fossils. On top of these formations, the late Cretaceous rudist-bearing limestones 200 

have been deposited unconformably. In most areas, these limestones have been infiltrated 201 

by hydrothermal fluids and have undergone ankeritization [32,33]. 202 
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 203 

Figure 3. Detailed geological map of the 2nd study area (Plaka). Modified after [27]. 204 

The Neogene continental deposits primarily consist of marls, siltstones and conglom- 205 

erates, with clasts originating from the surrounding non-metamorphic units [32,33]. How- 206 

ever, these deposits are not observed in the study area. 207 

The magmatic intrusions include the main Plaka granodiorite with limited surface 208 

exposure, intruded within the Kamariza Unit. This intrusion is associated with contact 209 
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metamorphism and sulfide mineralization [32]. Additionally, numerous small-scale intru- 210 

sions with compositions ranging from dacitic to granodioritic have been observed in the 211 

area [32-35]. The main granodiorite intrusion locally exhibits intense weathering, intensi- 212 

fied by hydrothermal fluid circulation (Figure 4d), resulting in zones of varying mechan- 213 

ical and geophysical properties [27]. 214 

 215 

Figure 4. (a) Panoramic view of the Plaka study area where the geophysical survey was conducted. 216 
The trace of the detachment fault that juxtaposes the overlying Pounta Marble (PM) against the 217 
underlying Kamariza Schists (KS) is marked with the yellow line; (b) Closer view of the study area, 218 
where the mining debris (Md) is illustrated; (c) Contact metamorphosed marble lenses (Ml) in the 219 
Kamariza Schists (KM); (d) Strongly weathered granodiorite; (e) Pounta Marble (PM); (f) Ultra- 220 
mylonitic Upper Kamariza Marble (UM); (g) Kamariza Schists-hornfels (KS). 221 

3. Methodology 222 

To investigate the geologically complex subsurface structure of the two study areas, 223 

we employed a multidisciplinary, near-surface geophysical approach, utilizing the elec- 224 

trical resistivity tomography (ERT), seismic refraction tomography (SRT) and ground pen- 225 

etrating radar (GPR) techniques. More specifically, the ERT and the SRT techniques were 226 
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applied to both study areas (Figure 5), while the GPR technique was used exclusively in 227 

the study area of Plaka. Furthermore, all the geophysical measurements were topograph- 228 

ically corrected using a GNSS system. 229 

  

Figure 5. Snapshots from data acquisition on the Kleisroua Valley, Ano Doliana (left) and Plaka (right) 230 
study areas. 231 

In Figure 6 and Figure 7, the acquisition layout of the geophysical techniques applied 232 

in the 1st and 2nd study areas is presented correspondingly. 233 

3.1. Electrical resistivity tomography 234 

3.1.1. Data acquisition 235 

Across the first study area of Kleisoura Valley, Ano Doliana, two ERT profiles of 470m 236 

(ERT 1 & ERT 2) and one of 235m (ERT 3) were conducted, using 48 electrodes with a 237 

spacing of 10m and 5m correspondingly (Figure 6). The two long profiles were executed 238 

along the same direction, with the ERT 2 profile shifted 40m towards the north, resulting 239 

in a combined profile of totally 510m length. The short profile was designed to coincide 240 

with the center of the ERT 2 section. The application of the ERT 3 profile, with the smaller 241 

electrode spacing (5m), aimed to increase the resolution of the technique in this interme- 242 

diate part of the profile. This is expected to improve the delineation of the abrupt surface 243 

transition from the flysch to the limestones of Tripolitza Unit, verified by the presence of 244 

the tectonic breccia in this specific area. 245 

Regarding the second study area of Plaka, two ERT sections of 470m and 475m were 246 

acquired (Figure 7), with 48 electrodes of 10m and 5m spacing respectively, resulting in a 247 

joined ERT profile. The roll along technique was implicated in two consecutive phases, to 248 

cover the same profile length for the 5m spacing section. 249 

All the ERT measurements were acquired using the Wenner, Wenner-Schlumberger 250 

and Dipole-Dipole electrode configurations, due to their different sensitivity regarding 251 

the way of the subsurface distribution of the electrical resistivity. Using the Electre Pro 252 

software, the sequences for the different electrode configurations were created for each 253 

ERT profile, according to its geometrical characteristics. Subsequently, the sequences were 254 

imported to the Syscal Pro switch 48 (Iris Instruments) resistivity meter, to begin the au- 255 

tomated data acquisition process. Moreover, a real time generation of the apparent resis- 256 

tivity pseudosection was established using the FieldView software, to directly inspect the 257 

measurements sequence in the field. 258 
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 259 

Figure 6. Detailed geological map of the 1st study area (Kleisoura Valley, Ano Doliana), along with the 260 
acquisition layout of the geophysical techniques. 261 
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 262 

Figure 7. Detailed geological map of the 2nd study area (Plaka), along with the acquisition layout of 263 
the geophysical techniques. Modified after [27]. 264 

3.1.2. Processing 265 

The geoelectrical data were processed using the Res2DInv software by Geotomo [5]. 266 

Before the main processing, quality control of the data was performed, which included 267 

the extermination of noisy and inconsistent points (bad points). For the solution of the 268 

inverse problem, the smoothness-constrained least-squares method was applied, which is 269 
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a modification of the Gauss-Newton least-squares equation [36], while the finite element 270 

method [37] was implemented for forward model calculation. 271 

Depending on how the electrical resistivity of the subsurface varies, two different 272 

optimization methods are provided by the software. In the case where the electrical resis- 273 

tivity varies in a smooth and gradual manner, the l2 norm smoothness-constrained opti- 274 

mization method is proposed [38]. Conversely, when the electrical resistivity distribution 275 

is characterized by sharp and strong lateral variations, the l1 norm smoothness-con- 276 

strained optimization method is recommended [39-41]. 277 

The subsurface structure of the 1st study area is expected to be characterized by steep 278 

transitions between geological formations, both laterally and vertically. Laterally, due to 279 

the abrupt transition from the flysch to the limestone formations of Tripolitza Unit and 280 

vertically, due to the expected existence of the Phyllite-Quartzite Unit, underlying the 281 

flysch and limestone, through the detachment fault. For the above reasons, the l1 norm 282 

smoothness-constrained optimization method (robust data constraint) was selected for 283 

the inversion of the geoelectrical data of the 1st study area. On the other hand, a more 284 

gradual subsurface resistivity distribution was expected due to the irregular shape of the 285 

granodiorite intrusion and the contact metamorphism of the Kamariza Schists, in the 2nd 286 

study area of Plaka. Therefore, the l2 norm smoothness-constrained optimization method 287 

(standard data constraint) was considered the most adequate for the calculation of the 288 

model parameters in this area. 289 

Every ERT profile was processed separately for each of the three different electrode 290 

configurations applied. With this procedure, a total of nine and six different subsurface 291 

resistivity distribution models were generated for the 1st and 2nd study areas respectively. 292 

The geoelectrical data obtained with the same electrode configuration were integrated 293 

into a unified clustered dataset, resulting in three ERT profiles (one for each electrode 294 

configuration) for each study area. The most representative ERT section for each study 295 

area was selected taking into consideration the data quality and RMS or absolute percent- 296 

age error between the observed and calculated resistivities, as well as the overall charac- 297 

teristics of the subsurface resistivity distribution. 298 

3.2. Seismic refraction tomography 299 

3.2.1. Data acquisition 300 

In both study areas, the recording of the P-wave first arrival times was carried out 301 

along a 235m seismic line, using 48 geophones of 10Hz natural frequency, with 5m spac- 302 

ing. The Geometrics StrataView seismograph was used to record arrival times, to which 303 

the seismic receivers were connected via two multicore cables. The total recording time 304 

was 512ms and a sampling window of 0.250ms was used for signal digitization. Seismic 305 

waves were recorded from seventeen shot-points (Figures 6-7), including four outshots 306 

on both ends of the seismic line, and nine shot-points in between the active spread with a 307 

30m shot interval. 308 

The accessibility of the 1st study area (Kleisoura Valley, Ano Doliana) and the fact that 309 

it was located outside a residential area, allowed us to test several types of seismic sources, 310 

including three impact seismic sources and two explosive seismic sources. The impact 311 

seismic sources were two seismic sledgehammers of 3.5kg and 6.5kg and an accelerated 312 

weight drop (Geodevice AWD-33PS model) with 20kg hammer weight. Subsequently, the 313 

electric seismic detonator and buffalo gun were used as explosive seismic sources. 314 

In the 2nd study area of Plaka, only the 6.5kg seismic sledgehammer and the 20kg 315 

AWD-33PS seismic source were feasible to be used, with limitations. Since this area was 316 

located nearby a residential area, the use of explosive sources was prohibited. 317 

3.2.2. Processing 318 

Seismic data were processed using different modules of the Seismic Pro software 319 

(Geogiga tech. corp.), in three (3) main processing steps: 320 
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1. Creation of synthetic seismic data (2D forward modeling), to determine the extent to 321 

which the SRT technique can provide a velocity model that best represents the com- 322 

plex subsurface structure characterizing the two study areas. Furthermore, by com- 323 

paring the synthetic seismic records with the field seismic records, it was possible to 324 

attribute certain characteristics observed in the records to specific subsurface struc- 325 

tures. 326 

2. Analysis and comparison of the seismic records acquired from the five different seis- 327 

mic sources to determine the type of seismic source that performed best in the specific 328 

geo-environment, providing the seismic records characterized by the highest S/N ra- 329 

tio. 330 

3. First brakes picking and inversion of the seismic data, to calculate the subsurface ve- 331 

locity models in the two study areas. 332 

The creation of the synthetic seismic records was conducted using the Modeling 2D 333 

module, which incorporates the shortest path method [42] for forward modeling calcula- 334 

tion. Seismic rays trajectories and corresponding travel times were calculated based on a 335 

predefined velocity model, that was created taking into account the surface geological 336 

observations and the results of the ERT technique (Figure 8), given that it was the only 337 

available information regarding the subsurface structure for both study areas. In general, 338 

resistive formations were modeled as compacted formations, characterized by high seis- 339 

mic velocity values, while conductive formations were modeled as less compacted for- 340 

mations or unconsolidated sediments, with lower seismic velocity values. 341 

 342 

Figure 8. (a) ERT results of the 1st study area, based on which the synthetic velocity model was 343 
created; (b) Synthetic velocity model with the seismic wavefronts generated at the Outshot Normal 344 
1 position (120m offset), with the geophones located between 157.5 – 392.5m distance (red marks); 345 
(c) Creation of the synthetic seismic record for the Outshot Normal 1 source location. First arrival 346 
times are noted by the red arrows. 347 

An exception was the Kamariza Schists in the 2nd study area, which was characterized 348 

by low resistivity and high-velocity values. Seventeen synthetic seismic records were 349 
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created for both study areas, simulating the data acquisition layout incorporated in the 350 

field. Subsequently, the first breaks were manually picked on the synthetic datasets and 351 

the synthetic traveltimes were then inverted using the smoothing-constrained regularized 352 

inversion approach of the DW tomo module. Afterwards, synthetic traveltimes obtained 353 

from the synthetic seismic records were superimposed on the field seismic records of the 354 

same shot location, to determine whether the synthetic traveltimes were consistent with 355 

the actual traveltimes. This processing sequence was repeated many times by altering the 356 

initial velocity model parameters and inversion settings, until a representative velocity 357 

model was obtained with minor deviations between the modeled and observed first break 358 

traveltimes. 359 

The selection of the appropriate type of seismic source is crucial, as the characteristics 360 

of each source affect the quality of the data, the maximum depth of investigation and the 361 

maximum resolution that can be achieved [43,44]. According to several researchers 362 

[45,46], the selection of the appropriate type of seismic source should be based on the fol- 363 

lowing criteria: Maximum depth of investigation, appropriate frequency content, S/N 364 

characteristics, investigation field limitations, availability and operation cost. In general, 365 

the most critical factors for selecting the proper seismic source type for seismic data ac- 366 

quisition are the energy and frequency content of the generated signal [44,47-49], as well 367 

as the repeatability of the source [50,51]. The signal characteristics emitted by a source are 368 

affected by many factors. The way the data are acquired (single or consecutive records), 369 

as well as the recording and processing parameters, are some of the factors that affect the 370 

signal’s characteristics. In addition, the surface and subsurface conditions in the area 371 

where the survey is carried out greatly influence the amplitude and frequency content of 372 

all types of recorded waves. 373 

Seismic sources signal analysis and comparison was carried out only for the 1st study 374 

area, given that this area allowed us to utilize all five seismic sources for the data acquisi- 375 

tion. Comparisons were made between the seismic records acquired at each shot-point, 376 

from the five seismic sources used. Both the recording and processing parameters were 377 

kept constant at each location. The amplitude spectral content diagrams were constructed 378 

for all seismic records, by applying the fast Fourier transform. For each seismic record, a 379 

specific time window was selected for the analysis to be performed, to analyze the part of 380 

the record characterized by the highest quality signal. The amplitude spectra of the seis- 381 

mic records are represented relative to the reference level (0 db), representing the maxi- 382 

mum recorded amplitude. Negative db values indicate whether the amplitude of different 383 

frequencies is smaller than the reference level. In addition, the amplitude spectra dia- 384 

grams of the different seismic sources, constructed at each shot-point, are presented nor- 385 

malized to the one characterized by the maximum energy. 386 

The processing of the field seismic records was conducted using the DW tomo mod- 387 

ule. The first processing step was the creation of a group file list, which included the sev- 388 

enteen seismic records characterized by the best S/N ratio, with the clearest first breaks, 389 

thus facilitating the management and processing of the data. In both study areas, all the 390 

seismic records acquired with the AWD-33 PS seismic source were used, as well as the 391 

seismic records obtained with the 6.5kg sledgehammer, but only in the case of the 2nd 392 

study area. At this step, the geometrical characteristics and the topography of the seismic 393 

developments were also defined. Moreover, low-pass Butterworth filters with a cut-off 394 

frequency of 200Hz and a slope of 12db/oct, as well as adjustment of the signal gain were 395 

applied in order to remove the high-frequency noise and highlight the first breaks in the 396 

seismic records respectively. 397 

Manual first break picking was efficiently accomplished in fourteen (14) and in ten 398 

(10) out of the seventeen (17) acquired seismic records for the 1st and 2nd study areas cor- 399 

respondingly. The high vegetation, the possible existence of underground mining galler- 400 

ies, the anthropogenic deposits (mining debris) of the old mines excavations located at the 401 

central part of the seismic section and the difficulty of carrying and utilizing the AWD- 402 

33PS seismic source in the outshot positions, resulted in the unsuccessful recording of the 403 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 July 2024                   doi:10.20944/preprints202407.2295.v1

https://doi.org/10.20944/preprints202407.2295.v1


Geosciences 2024, 14, x FOR PEER REVIEW 15 of 28 
 

 Internal 

first arrivals in the 2nd study area and thus a great loss of information. Afterwards, a pri- 404 

mary processing was carried out by applying the intercept-time method, in order to cal- 405 

culate a gradient initial velocity model. In the case of the 1st study area, P-wave velocity 406 

was calculated equal to 1070 m/s near the surface, gradually increasing to 2435 m/s until 407 

the depth of 17.3m and further increasing to 4240 m/s until the depth of 70m. Conversely, 408 

the initial velocity model calculated for the 2nd study area was characterized by 1360 m/s 409 

surface velocity, gradually increasing to 2550 m/s until the depth of 22m and further in- 410 

creasing to 5840 m/s until the depth of 60m. 411 

For the calculation of the subsurface P-wave velocity models, the smoothing-con- 412 

strained regularized inversion approach was applied to invert the seismic data. For model 413 

smoothing, 15m and 6.25m horizontal and vertical smoothing lengths were set respec- 414 

tively, while for the inversion limitation, a maximum change of 60% in average velocity 415 

per iteration was allowed. A total of 30 iterations were defined for the inversion process, 416 

with the possibility to select the desired result from any iteration cycle. For forward mod- 417 

eling solution, the shortest path method [42] was incorporated, with horizontal and verti- 418 

cal model cell dimensions equal to 2.5 x 1.25m, corresponding to the ½ and ¼ of the geo- 419 

phone spacing respectively. 420 

3.3. Ground penetrating radar 421 

The broader area of Plaka was submitted in extensive mining campaigns from the 422 

Classical period until the late 20th century. Thus, in the entire region, including the 2nd 423 

study area, several mining galleries are present. Due to the possible existence of such gal- 424 

leries throughout the selected geophysical line, the GPR method was implemented in an 425 

effort to locate any possible underground mining corridors [52]. The GPR method is a fast 426 

applied, low cost and high-resolution geophysical method, based on the recording of the 427 

electromagnetic (E/M) pulse reflections. The resolution and propagation depth of the E/M 428 

pulse is constrained by the central antenna frequency and the conductivity of the substra- 429 

tum. The reflectivity intensity is affected by the dielectric constant differences of the sub- 430 

surface mediums [53]. 431 

3.3.1. Data acquisition 432 

GPR data were acquired along a 177m line, starting from the 14th geophone up to the 433 

end of the seismic line (Figure 7). A bistatic 100 MHz shielded antenna (Noggin 100-Sen- 434 

sors & Software) was used to achieve a satisfactory investigation depth (~15m), while the 435 

pulse transmission step (5cm trace interval) was controlled by an odometer wheel. In each 436 

step, several E/M pulses were stacked to improve the S/N ratio, by incorporating a feature 437 

of the GPR system, which automatically controls the number of stacks depending on the 438 

conductivity of the medium. 439 

3.3.2. Processing 440 

GPR data were processed using the Ekko_Project 6 software by applying a standard 441 

filtering procedure including Dewow, background removal, bandpass filter, SEC2 gain 442 

and f-k migration using the hyperbola fitting method. 443 

4. Results and Discussion 444 

4.1. Forward modeling 445 

In Figure 9, the seismic tomogram calculated after the inversion of the synthetic trav- 446 

eltimes is presented in respect to the ERT results, based on which the initial subsurface 447 

velocity model was created for the 1st study area (Kleisoura Valley, Ano Doliana). It is evi- 448 

dent that all the structures simulated by the construction of the synthetic subsurface ve- 449 

locity model are highlighted. More specifically, both the high resistivity regions, simu- 450 

lated as high-velocity formations are adumbrated by the SRT technique, in 165-215m dis- 451 

tance and at the second half of the profile. Moreover, the subvertical electrical discontinu- 452 

ity simulated as a strong lateral velocity variation, is delineated at 300m distance, as well 453 
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as the low-velocity region in the middle part of the profile, with the characteristic U- 454 

shaped form of the iso-velocity curves. Therefore, we conclude that the SRT technique 455 

was able to render, to a fairly satisfactory degree, the complex subsurface structure con- 456 

sidered for this case. 457 

 458 

Figure 9. (a) ERT results of the 1st study area, in relation with the (b) seismic tomogram generated 459 
after the inversion of the 17 synthetic seismic records. 460 

In Figure 10, we present three (3) indicative examples of overlaying the synthetic first 461 

arrival times onto the field seismic records, acquired with the AWD-33PS seismic source 462 

at three (3) different shot locations. The synthetic first arrivals are marked by the red sym- 463 

bols, while the position of the true first arrivals or their divergence from the synthetic ones 464 

is indicated with the blue arrows. 465 

Regarding the outshot normal 1 shot-point (Figure 10a), located at 120m offset, a 466 

small divergence of 15ms on average is observed between the synthetic and true first ar- 467 

rivals. However, the general distribution of the synthetic first arrivals is consistent with 468 

that of the true ones. Furthermore, the simulation of the low-velocity region in between 469 

the high-velocity formations proves to be reasonable, as indicated by the increase in the 470 

slope of both the synthetic and true refracted arrival times, at 257.5-297.5m distance. 471 

Similarly, a very small divergence of less than 5ms is observed in the case of the tomo 472 

shot 1 shot-point (Figure 10b). In general, the position of the synthetic first arrivals is iden- 473 

tical to the position of the true arrivals in the overall record. Small divergencies are ob- 474 

served to a few seismic traces after the 300m distance, where the subvertical electrical dis- 475 

continuity was investigated. 476 

Finally, in the case where the shot-point is located at distances greater than 300m 477 

(Figure 10c), large divergencies are observed between the synthetic and true traveltimes, 478 

on both the direct and refracted arrivals. The higher slope of the true direct arrivals indi- 479 

cates a lower seismic velocity at shallow depths, for the seismic formation located at dis- 480 

tances greater than 300m. While in the two previous cases, the synthetic and true refracted 481 

arrivals were almost identical for the same traces, the divergence observed on the direct 482 

arrivals indicates a vertical gradient in the seismic velocity of this formation. 483 
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 484 

Figure 10. Superimposing of the synthetic first arrival times (red marks) on the field seismic records 485 
for the (a) Outshot normal 1, (b) Tomo shot 1 and (c) Tomo shot 4 seismic source locations (Figure 486 
6). The blow arrows and the blue dashed lines indicate the divergence between the synthetic and 487 
true first arrivals. 488 

The large divergencies observed between the direct and refracted arrivals in this case, 489 

are attributed to the strong lateral and vertical heterogeneity that characterizes the sub- 490 

surface structure of the study area, which was not accounted for the initial velocity model 491 

constructed for modeling. On the contrary, the initial velocity model was simulated by a 492 

subsurface structure characterized by the presence of discrete, homogeneous and uniform 493 

seismic formations. 494 

4.2. Source comparsion 495 

In Figure 11, an indicative example of the seismic records and their corresponding 496 

amplitude spectra plots are presented, for the outshot normal 2 shot-point (82m offset), 497 

acquired with the AWD-33PS (AWD 20kg), 6.5kg sledgehammer (SH 6.5kg), seismic det- 498 

onator (SD) and buffalo gun (BG) seismic sources. 499 
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 500 

Figure 11. Seismic records along with their corresponding amplitude spectra acquired with four (4) 501 
different seismic sources at the Outshot Normal 2 source location (Figure 6). AWD:20kg – Acceler- 502 
ated Weight Drop; SH:6.5kg – Sledgehammer; SD - Seismic detonator; BG – Buffalo gun. 503 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 July 2024                   doi:10.20944/preprints202407.2295.v1

https://doi.org/10.20944/preprints202407.2295.v1


Geosciences 2024, 14, x FOR PEER REVIEW 19 of 28 
 

 Internal 

Regarding the seismic records acquired with the explosive seismic sources, from the 504 

13th seismic trace onwards, i.e. at distances greater than 142m from the shot-point, high 505 

frequency noise predominates. As for the impact seismic sources records, these were ac- 506 

quired by four and six vertical stackings for the AWD 20kg and SH 6.5kg sources respec- 507 

tively. In the seismic record of the SH 6.5kg source, there is a lot of high-frequency noise 508 

contamination, from the 19th trace to the end of the record, which makes difficult the iden- 509 

tification of the P-wave arrival times. Significant improvement is observed in the AWD 510 

20kg seismic record, where P-wave arrival times are distinct and noise levels are low, even 511 

in the most distant seismic traces. 512 

For signal analysis, the time window of 28-250ms, from the 2nd to the 13th seismic trace 513 

(Figure 11 - grey shaded box) was chosen. Within the selected window, P-wave refracted 514 

arrivals are discerned, at 37ms and 60ms for the 2nd and 13th seismic traces respectively, 515 

while after 75ms surface waves dominate. All the amplitude spectra plots are presented 516 

normalized to the AWD 20kg source plot, which is characterized by the highest energy 517 

amplitudes. The maximum energy amplitude of the BG, SD and SH 6.5kg sources is 518 

marked by the blue, yellow and green horizontal lines correspondingly and it is concen- 519 

trated in a frequency band near 60Hz. In the case of the AWD 20kg source, the correspond- 520 

ing amplitude is increased by 30, 24 and 9 dB in comparison with the BG, SD and SH 6.5kg 521 

sources respectively. 522 

Most of the body and surface waves energy is concentrated within a frequency band- 523 

width of 10-150 Hz, for the selected time window. Furthermore, there is much less damp- 524 

ing of the high-frequency waves amplitude in the case of the AWD 20kg source compared 525 

to the others. This variation is due to the higher energy released by the AWD 20kg source, 526 

along with the fact that the damping of the seismic energy is proportional to the frequency 527 

and propagation distance of the seismic waves. 528 

4.3. Field data results of the 1st study area Kleisoura Valley, Ano Doliana 529 

The results of all the geophysical techniques applied in the 1st study area, along with 530 

their representative geological profile, created after the combined evaluation of the re- 531 

sults, are presented in Figure 12. The Wenner-Schlumberger ERT profile was considered 532 

the most representative of the subsurface structure. Due to the wide range of resistivity 533 

values, the logarithmic scale was chosen to visualize the data distribution. The SRT profile 534 

was finalized after the 22nd iteration of the inversion process, achieving a divergence of 535 

less than 3ms between the calculated and observed first arrivals. 536 

Regarding the subsurface resistivity distribution (Figure 12a), the lower resistivity 537 

values (<50 Ohm.m) appear to be constrained near the surface, between 190-485m dis- 538 

tance, down to a depth of 3-12m. Very characteristic is the presence of a sharp, subvertical 539 

electrical discontinuity, located at 300m distance and at depths greater than 10m. This 540 

discontinuity separates two areas characterized by a strong contrast between their resis- 541 

tivity values, emphasizing the lateral heterogeneity of this study area. At distances greater 542 

than 300m (north of the electrical discontinuity) to the end of the profile, underlying the 543 

surface conductive zone, a highly resistive formation is identified, with resistivity values 544 

greater than 5600 Ohm.m. From the beginning of the ERT profile, up to 300m distance 545 

(south of the electrical discontinuity) and underlying the surface conductive zone, a less 546 

resistive region is investigated, with resistivity values lower than 3500 Ohm.m. Within 547 

this region, a further distinction can be made concerning the electrical resistivity distribu- 548 

tion. Between 135-210m distance and for an average depth of 15-45m, a resistive formation 549 

is identified, characterized by resistivity values ranging from 1300-3500 Ohm.m. In the 550 

remaining part of the profile, the subsurface model is characterized as relatively resistive, 551 

with resistivity values between 100-1000 Ohm.m. 552 

In Figure 12b, the final P-wave tomographic model obtained after the 22nd iteration 553 

of the inversion process, with 3ms RMS error, is presented. The subsurface velocity distri- 554 

bution is characterized by strong lateral variations and the presence of regions with high 555 

vertical gradient. Low P-wave velocity values of 800-1300 m/s are concentrated at the 556 
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near-surface part of the profile, at distances greater than 180m to the end of the profile. 557 

Between 220-345m distance, an arched shape of the iso-velocity curves is observed, result- 558 

ing in a strong lateral variation in the 12-40m depth range. From the start of the profile to 559 

180m distance higher P-wave velocity values are investigated (1700-3000 m/s), which at 560 

greater distances underly the abovementioned low-velocity values. In particular, from the 561 

start of the profile to 135m distance, a high vertical velocity gradient is observed, where 562 

the VP rapidly increases from 1700 m/s at the surface to 3000 m/s, at the depth of 20m. 563 

Between 135-220m distance, a high-velocity region is present until the average depth of 564 

45m, with VP = 2400-3000 m/s. On the central part of the profile (265-335m) and in the 565 

depth range of 40-65m, a region characterized by VP = 1900-2400 m/s is present, with the 566 

characteristic U-shaped form of the iso-velocity curves, resulting in a lateral velocity var- 567 

iation in respect with the adjacent regions at this depth. At distances greater than 345m to 568 

the end of the profile and at a depth range of 10-65m and 5-20m correspondingly, a wide 569 

variety of velocities is identified (1700-3000 m/s), characterized by a lower vertical velocity 570 

gradient in conjunction with the first part of the profile. Finally, a high-velocity (VP > 3000 571 

m/s) formation has been investigated throughout the whole profile length and at the great- 572 

est investigation depths. At the southern and northern parts of the profile, the top of this 573 

formation is present at 20m depth, while towards the central part of the section it is inves- 574 

tigated in progressively greater depths, reaching the maximum value of 65m at 315m dis- 575 

tance. 576 

 577 

Figure 12. (a) ERT and (b) SRT profiles and their (c) geological interpretation derived from their 578 
combined evaluation, for the 1st study area (Kleisoura Valley, Ano Doliana). 579 
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The final geological interpretation of the geophysical results is presented in Figure 580 

12c, which was derived from the combined evaluation of the ERT and SRT techniques and 581 

taking into consideration the geological observations and data collected during the de- 582 

tailed geological mapping that was carried out in the area. 583 

The location where the subvertical electrical discontinuity was investigated by the 584 

ERT technique is in agreement with the location where the abrupt lateral transmission 585 

from the flysch to the limestones of the Tripolitza Unit was observed. Moreover, the tec- 586 

tonic breccia at this location led to evaluating this discontinuity as a normal south-dipping 587 

fault, which brings these two geological formations into contact. Another indication sup- 588 

porting this interpretation is the strong lateral variation observed in the distribution of the 589 

seismic velocities, in a 50m width vertical zone, symmetrically to the fault’s location. This 590 

zone is characterized by VP values of 1200-2400 m/s, indicating the degradation of the me- 591 

chanical properties of the subsurface formations in this region, due to the fault’s impact. 592 

Furthermore, according to the SRT profile, the fault appears to develop down to 65m 593 

depth, as at greater depths a high-velocity (VP > 3000 m/s) formation is observed, which 594 

does not appear to have been affected by the fault. 595 

From 190m to 485m distance, the low resistivity (< 50 Ohm.m) and low-velocity (800- 596 

1100 m/s) geophysical formation is interpreted as the incohesive soil sediments of the al- 597 

luvial deposits. These deposits are characterized by 12m maximum thickness and overlie 598 

the fault zone at 300m distance. The high conductivity of these deposits is due to the phre- 599 

atic aquifer that develops within them, while the low-velocity values are attributed to the 600 

fact that consist primarily of loose, non-cohesive soil materials, products of the weathering 601 

and erosion of the adjacent geological formations. 602 

At distances greater than 300m (north of the fault’s location), the high resistive for- 603 

mation (> 5600 Ohm.m), which is also characterized by a wide variety of seismic velocities, 604 

VP = 1300-3000 m/s, is geologically interpreted as the Tripolitza Unit Eocene limestones. 605 

This formation develops underlying the alluvial deposits, except for the last 25m of the 606 

profile where it is exposed on the surface. The maximum thickness of this formation is 607 

located at 300m distance where it reaches 55m, while towards the end of the profile it 608 

continuously decreases, reaching the minimum value of 20m. According to field observa- 609 

tions, the limestones appear to be highly karstified at this location, which justifies both the 610 

high resistivity values and lower seismic velocities that were investigated. Another factor 611 

that has significantly downgraded the formation’s seismic velocity (1300-1900 m/s) is the 612 

fault’s activity, in a zone of 25m width. The relatively intact part of the formation is ob- 613 

served at distances greater than 25m from the fault’s location to the end of the profile and 614 

at depths greater than 30m, where it is characterized by VP = 2200-3000 m/s. 615 

The deepest investigated seismic formation, characterized by high VP values of 3000- 616 

4400 m/s, is interpreted as the bedrock of the study area, consisting of the metamorphic 617 

lithologies of the highly heterogeneous Phyllite-Quartzite formation. Quartzite is charac- 618 

terized by higher VP values than phyllite, which justifies the lateral variations in the for- 619 

mation’s velocity. This formation was investigated near the surface at the beginning and 620 

the end of the profile, at depths greater than 20m, while towards the central part of the 621 

profile (295-355m) it is observed at depths greater than 65m. This formation is in contact 622 

with all the overlying formations through the detachment fault, identified in the field at 623 

about 40m northern to the end of the geophysical line. 624 

The resistive formation (1300-3500 Ohm.m) investigated between 135-210m distance 625 

and at a 15-45m average depth range, characterized also by high VP values of 2400-3000 626 

m/s, is interpreted as a local occurrence of Tripolitza Unit limestones. At this location, the 627 

limestones are characterized by higher seismic velocity and lower resistivity values, than 628 

those north of the fault. This indicates that they have been affected to a much lesser extent 629 

by the karstification phenomenon, probably because they are surrounded by impermea- 630 

ble formations, which prevented the development of the karstification phenomenon. 631 

The remaining part of the profile, characterized by the presence of a relatively resis- 632 

tive formation (100-1000 Ohm.m), with seismic velocities varying from 1200-3000 m/s, is 633 
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interpreted as the flysch of the Tripolitza Unit. At distances greater than 185m, the flysch 634 

is underlying the alluvial deposits, up to 300m distance, where it comes into contact with 635 

the Tripolitza Unit limestones through the fault. Generally, the low-velocity values occur 636 

near the surface but with a high vertical velocity gradient. The lower velocity (1200-2200 637 

m/s) and higher resistivity values (500 – 1000 Ohm.m) are observed near the fault’s loca- 638 

tion. The flysch is also a highly heterogeneous formation, consisting of sandstone and clay 639 

alternations, which justifies the lateral variation of both its resistivity and velocity values. 640 

4.4. Field data results of the 2nd study area “Plaka” 641 

The results of the ERT and SRT techniques applied along the geophysical line of the 642 

2nd study area, as well as their geological interpretation are presented in Figure 13. The 643 

ERT profile considered to best represent the subsurface structure was that one obtained 644 

by the Wenner-Schlumberger dataset processing and is illustrated using a logarithmic 645 

scale for its resistivity distribution visualization. The subsurface velocity model was cal- 646 

culated after the completion of the 20th iteration of the inversion process, with a deviation 647 

between the calculated and observed arrival times of less than 3.2ms. 648 

In the NW part of the ERT profile (Figure 13a), a highly resistive (> 1000 Ohm.m) 649 

formation is observed, from the beginning to 140m distance. The maximum investigated 650 

depth of this formation is 27m, located at 62m distance, while it seems to decrease towards 651 

the SE gradually. From 90-185m distance and underlying the aforementioned resistive 652 

formation, a conductive zone with resistivity values of 20-100 Ohm.m is delineated. At 653 

distances between 140-185m, the zone develops close to the surface and it is characterized 654 

by an average thickness of 22m. A second conductive zone, with the same resistivity val- 655 

ues, is identified at 190-240m distance and at depths greater than 10m. The second zone is 656 

characterized by an average width of 60m and extends up to 85m depth, corresponding 657 

to the maximum investigation depth of the technique. These two conductive zones are 658 

separated by a resistive formation, with resistivity values ranging from 350-2500 Ohm.m. 659 

At distances less than 185m, this formation underlies the first investigated conductive 660 

zone, while between 185-240m distance develops close to the ground surface. The high 661 

resistivity values (1200-2500 Ohm.m) of this formation are confined near the surface at 662 

185-205m distance, while the rest is characterized by lower resistivity values (350-1000 663 

Ohm.m). At distances greater than 240m to the end of the ERT profile, the subsurface re- 664 

sistivity values range from 45 to 800 Ohm.m. From the surface and up to an average depth 665 

of 35m, lower resistivity values (45-200 Ohm.m) dominate, while at greater depths, higher 666 

resistivity values (250-800 Ohm.m) are observed. 667 

Regarding the subsurface velocity distribution of the SRT profile (Figure 13b), the 668 

lower seismic velocities (800-1600 m/s) are constrained in the near-surface part of the sec- 669 

tion, where a slight increase in the velocities is observed at the 2nd half of the profile. From 670 

120-290m distance, this low-velocity zone has an average thickness of 10m, while at 671 

greater distances an increase of the zone’s thickness occurs, reaching the maximum value 672 

of 35m at 330m distance. Underlying, a second velocity zone is delineated, characterized 673 

by a wide range of seismic velocities (1800-4700 m/s) and thickness varying from 10-45m. 674 

The majority of this zone is observed with seismic velocity ranging between 1800-2700 675 

m/s. However, there are some local regions within which the highest seismic velocities of 676 

this zone are concentrated. They are located between 140-185m and 240-270m distance, in 677 

a depth range of 10-30m and are characterized by high VP values, ranging from 3700 - 4700 678 

m/s. Finally, at the deepest part of the profile, a third velocity zone characterized by the 679 

highest velocity values is investigated. In this zone VP values greater than 3000 m/s are 680 

observed, while seismic velocities of 5800 m/s are also present. This zone is located at 681 

depths greater than 30m and 58m, located at 155m and 320m distance correspondingly, 682 

while between 205-240m distance, an updoming of the iso-velocity curves in this zone is 683 

observed. 684 
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 685 

Figure 13. (a) ERT and (b) SRT profiles and their (c) geological interpretation derived from their 686 
combined evaluation, for the 2nd study area (Plaka). 687 

The SRT profile of the 2nd study area was significantly limited compared to the cor- 688 

responding model of the 1st study area, due to the unsuccessful recording and processing 689 

of the outshot seismic records. For that reason, the geological interpretation (Figure 13c) 690 

was mainly based on the ERT results, apart from the joint section of the two geophysical 691 

techniques that was based on their combined evaluation. 692 

The highly resistive formation (> 1000 Ohm.m) that develops close to the near-sur- 693 

face, at the NW part of the ERT profile, is evaluated as the Pounta Marble which is con- 694 

sistent with the geological mapping of the area. According to surface geological observa- 695 

tions, these marbles appear highly karstified in places, justifying the increased resistivity 696 

values. The maximum investigated thickness of this formation is 27m, located at 62m dis- 697 

tance, gradually decreasing towards the SE up to 140m distance. 698 

The two conductive zones (20-100 Ohm.m) investigated by the ERT technique, as 699 

well as part of the relatively resistive zone (350-1000 Ohm.m), located at depths greater 700 
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than 17m, between the two conductive zones, are interpreted as the Kamariza Schists, 701 

which has been contact metamorphosed into hornfels. In several locations near the study 702 

area, surface occurrences of massive hornfels lenses of former marble have been observed 703 

within the Kamariza Schists (Figure 4c). These lenses may account for the increased resis- 704 

tivity values located between the two conductive zones. The first 10-15m of the for- 705 

mation’s thickness are characterized by velocities of VP = 800-1800 m/s, while at greater 706 

depths, a significant increase in the velocity values is observed, ranging from 2800-4800 707 

m/s. The highest seismic velocity values are concentrated in a zone between 205-240m 708 

distance, at depths greater than 35m. At distances less than 140m, the Kamariza Schists 709 

underlies the Pounta Marble. The contact between these two formations is the detachment 710 

fault, which dips to the NW and is clearly delineated from the ERT profile (Figure 13a). 711 

According to geological observations, the Kamariza Schists is highly heterogeneous. In 712 

places its mineralogical composition consists primarily of phyllosilicate minerals (mainly 713 

chlorite and white micas), with intense weathering and hydrothermal alteration and in 714 

other places the carbonate minerals predominate. This heterogeneity accounts for the lat- 715 

eral variations observed in both the resistivity and seismic velocity investigated values. 716 

The high resistivity (1150-3500 Ohm.m) and low-velocity (800-1000 m/s) values in- 717 

vestigated between 190-210m distance, from the surface to the maximum depth of 7m, are 718 

attributed to the presence of anthropogenic deposits, consisting by the excavation waste 719 

materials from the old mining activity. During the data acquisition campaign, these de- 720 

posits were also observed in the field at this exact location (Figure 4b). 721 

Considering the subsurface distribution of the resistivity and P-wave velocity values 722 

at the profile’s segment, located at distances greater than 170m and overlying the Kama- 723 

riza Schist formation, two different regions can be distinguished. The first one is located 724 

from the surface to an average depth of 12m, between 185-240m distance, while from 240- 725 

430m distance until the average depth of 25m. Within this region, low resistivity (50-350 726 

Ohm.m) and low-velocity (800-1500 m/s) formations seem to dominate. Geologically, it is 727 

interpreted as the Plaka granodiorite formation, which, according to our field observa- 728 

tions, is strongly weathered and hydrothermally altered [27]. Some of the circular forms 729 

could represent woolsack weathering. The thickness of this weathering-affected layer ap- 730 

pears to decrease towards the SE, e.g., away from the ravine that runs through the gran- 731 

odiorite. The second region is located underlying the first one, extending to the maximum 732 

investigation depth of the two geophysical techniques. Within this region, higher resistiv- 733 

ity (400-770 Ohm.m) and higher velocity (2000-5500 m/s) values are observed. These in- 734 

creased values can be justified by the presence of the Plaka granodiorite, which in this case, 735 

has been affected to a much lesser extent by the weathering processes. In general, the P- 736 

wave velocities of this formation appear to increase with respect to depth, indicating a 737 

compact, fresh granodiorite existing at greater depths. According to the distribution of the 738 

resistivity values at distances greater than 430m, this formation appears to develop close 739 

to the surface, which is consistent with the geological mapping and the geological obser- 740 

vations carried out in the field. 741 

In Figure 14, the processing results of the GPR line for the 2nd study area are pre- 742 

sented. The method highlights the possible existence of air voids (GPR signal velocity ~0.3 743 

m/ns) marked as red dashed circles, at 62m, 84m and 144m distance at a depth of approx- 744 

imately 7m. These air voids are interpreted as possible old mining galleries in the area. 745 
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 746 

Figure 14. GPR profile of the 2nd study area. Underground air voids (possible mining galleries) are 747 
noted by the red dashed circles. 748 

5. Conclusions 749 

The multidisciplinary approach carried out across the two geologically complex in- 750 

vestigation fields, confirmed the advantages of the combined application and interpreta- 751 

tion of the electrical resistivity tomography (ERT) and seismic refraction tomography 752 

(SRT) techniques. Beyond the technical assessment of optimum data acquisition and pro- 753 

cessing parameters for these geophysical techniques, this approach provided an initial 754 

understanding and connection between the surface geological observations with the near- 755 

surface geotectonic subsurface structure of the two study areas. 756 

The present study demonstrated that the application of the ERT technique is indi- 757 

cated as the primary technique for subsurface investigation in such complex geological 758 

environments. Compared to the SRT technique, it provides greater flexibility in the field, 759 

making it less time-consuming and more cost-effective. The ability to acquire measure- 760 

ments with different electrode configurations and choose among various optimization 761 

methods regarding the inversion process, allows researchers to adopt the best possible 762 

approach for the ERT investigation, depending on the expected variations in resistivity. 763 

Additionally, the ERT technique does not require an initial model input for data pro- 764 

cessing, making it an ideal primary methodology, prior to the design and application of 765 

the SRT technique. Moreover, the results of the ERT technique, which may be the only 766 

available source of subsurface information, can be utilized for modelling of the seismic 767 

survey. This process allows for assessing the effectiveness of the SRT technique in reveal- 768 

ing the considered subsurface structure and helps determine the distribution of the first 769 

arrivals, especially in cases where the seismic records are noisy. 770 

The technical characteristics of the seismic source utilized for the SRT technique play 771 

a significant role in the determination of the maximum investigation depth, quality and 772 

resolution of the results. For great exploration depths, a seismic source of high energy and 773 

frequency content is considered essential. Its technical characteristics shall ensure easy 774 

operation and transportation in the field along the different shot locations and repeatabil- 775 

ity of the generated signal as well. In the present study, the accelerated weight-drop im- 776 

pact seismic source (AWD-33PS) provided the highest energy amplitude, as determined 777 

from the signal analysis and comparison procedure. However, the signal produced by the 778 

6.5kg seismic sledgehammer was satisfactory enough, particularly when the shot position 779 

was located within the active spread length, where less energy is required compared to 780 

the outshot positions. Regarding the explosive seismic sources, the signal’s characteristics 781 

of the seismic detonator and buffalo gun were very similar, with lower amplitudes com- 782 

pared to the impact sources. Therefore, these type of explosive sources are recommended 783 

for shallow refraction surveys, with the deepest refractor located at a maximum depth of 784 

10m. To increase the investigation depth, a greater quantity of explosive material should 785 

be used. The generation of a comprehensive and high-resolution subsurface velocity 786 

model requires the recording of arrival times from many different seismic source 787 
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locations, which possesses significant challenges in data organization and management. 788 

Moreover, seismic data processing demands considerable involvement and expertise 789 

from scientific analysts. 790 

In conclusion, a thorough understanding of the surficial geological conditions of the 791 

study area, combined with the application of the ERT and SRT geophysical techniques 792 

and the potential availability of geological reference data (detailed mapping and bore- 793 

holes), constitutes the optimal combination for developing an accurate and scientifically 794 

substantiated subsurface scenario. 795 
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