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A B S T R A C T 

 

This paper integrates the results of resistivity tomography and Ground Penetrating Radar (GPR) surveys to investigate the structural features 
of the southestern Asaluyeh site. By combining these geophysical methods with field observations, the study aims to provide a precise 
interpretation of subsurface conditions, focusing on identifying layer thicknesses, fractures, and weakened zones. The study utilized Direct 
Current (DC) resistivity and electromagnetic methods, i.e., GPR, both known for their high resolution, rapid data acquisition, and cost-
effectiveness. Four DC resistivity and GPR profiles were analyzed where the results show three critical zones of varying layering in the 
resistivity sections. These zones include the gypsum layer in the marl host and fractures within the marl layer, with depths of influence ranging 
from 5 to 12 m. The GPR surveys, identified anomalies based on dielectric permittivity differences. The Joint interpretation of DC resistivity 
and GPR results revealed significant correlations between two methods, enhancing the understanding of subsurface features. Critical zones 
identified by both methods showed substantial overlap, confirming the presence of subsurface anomalies and providing a comprehensive view 
of the site's geological conditions. This integrated approach demonstrates the effectiveness of combining DC resistivity and GPR in subsurface 
investigations, offering valuable insights for similar geotechnical studies. 
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1. Introduction 

Geophysical methods have become increasingly utilized due to their 
lower cost and shorter time requirements compared to conventional 
geological methods, such as drilling and prospecting of ore deposits. 
Another feature of geophysical methods is their continuous 
interpretation. In drilling and prospecting, data belong to specific points, 
and extrapolating these data to other sections may not be accurate and 
may pose interpretation challenges. 

Fractures can serve as pathways or barriers for fluid movement within 
the subsurface. In hydrogeology, the presence of fractures can enhance 
the permeability of low-permeability rocks, thus influencing 
groundwater flow and storage. This is particularly important in karst 
environments and fractured aquifers where groundwater resources are 
heavily dependent on the connectivity of fractures [1]. Accurate 
detection and characterization of near-surface fractures are essential for 
understanding subsurface processes and mitigating associated hazards. 
Over the past decades, considerable efforts have been devoted to 
developing and refining geophysical methods for this purpose, leading 
to significant advancements in fracture detection and characterization. 

Different geophysical techniques exist for investigating geotechnical 
surveys, including seismic reflection and seismic refraction, 
electromagnetic methods, DC resistivity, and Ground Penetrating Radar 
(GPR) among which DC resistivity and GPR methods stand out in  

 
 
 
geotechnical studies. Early studies focused on the application of seismic 
reflection surveys for imaging near-surface fractures, utilizing 
differences in seismic wave velocities associated with fractured versus 
intact rock formations ([2], [3]). These pioneering efforts laid the 
foundation for subsequent research in fracture detection using 
geophysical approaches. However, seismic reflection surveys are limited 
by their sensitivity to shallow structures and their inability to accurately 
resolve fracture orientations and properties. Maunde and Bassey [4] 
identified fracture zones in Karshi through seismic refraction. Sheehan 
et al [5] enhanced the comprehension of the conditions under which 
seismic refraction methods are effective and examined the applicability 
of model results to actual field conditions. Research conducted by 
Jingjing et al [6] provides another example of detecting fracture zones 
using seismic refraction. 

Electrical resistivity-based methods (e.g., DC resistivity, Very Low 
Frequency (VLF)) are among the most commonly used geophysical 
exploration techniques, which, besides their application in engineering 
studies, demonstrate significant efficiency in identifying and 
investigating various geological features, such as fractures and water-
saturated fractured zones [7]. The study of these geological features is 
carried out by examining changes in the apparent resistivity. 
Researchers used electrical resistivity tomography (ERT) for mapping 
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near-surface fractures ([8], [9], [10], [11], [12]). Two case studies were 
conducted by Ha et al. [13] to assess the suitability of electrical resistivity 
techniques for geotechnical and environmental challenges. Greve et al. 
[14] measured electrical anisotropy in a sand-filled lysimeter containing 
a plastic sheet to simulate an electrically insulating crack. Elis et al. [15] 
improved the understanding of the electrical response in 2D surveys for 
fracture zones mapping in crystalline rocks. Despite its success, ERT has 
inherent limitations, including the inability to differentiate between 
conductive fractures and saturated zones. Some studies have applied 
electromagnetic approaches in the detection of fractures. For instance, 
Li et al. [16] developed a rock burst model for coal and studied the 
relationship between energy accumulation and dissipation during the 
dynamic deformation and rupture of coal rock. 

GPR emerged as another promising tool for fracture detection in the 
near surface. GPR utilizes high-frequency electromagnetic waves to 
image subsurface features, including fractures, with high resolution 
([17]). Its non-invasive nature and ability to provide real-time, high-
resolution images have made GPR a preferred choice for shallow 
fracture mapping in diverse geological settings. 

It should be noted that each of the various geophysical methods has 
its own strengths and weaknesses. Therefore, the interpretation results 
of data obtained using only one geophysical approach may not be highly 
reliable in some cases. In these situations, combining two or more 
geophysical data sets can lead to a more accurate interpretation with 
higher credibility [18]. In recent years, significant advancements have 
been made in the integration of multiple geophysical methods for 
fracture characterization. Fehdi et al. [19] detected underground cavities 
near the Cherea area (NE Algeria) based on the sequential application 
of GPR and ERT. Mendieta [20] conducted multi-azimuthal 2D ERT 
and seismic refraction surveys in the Dry Creek Experimental 
Watershed to investigate deep fractures and anisotropy. Bahammou et 
al. [21] used resistivity profiling and VLF electromagnetic methods to 
detect fracture zones in the Zaouia Jdida, within the Errachidia basin. 
Hasan et al. [22] have carried out 2D ERT and self-potential (SP) in 
combination with the joint profile method (JPM) and boreholes to 
delineate the subsurface geological units. Carollo et al. [23] integrated 
seismic refraction tomography (SRT) and ERT to improve data 
interpretation accuracy, using both synthetic and real data. Gaballah et 
al. [24] used an integrated survey, including GPR and ERT, for mapping 
and evaluating a complex subsurface fracture network in Eocene 
limestone at the Al-Mokattam site, Egypt. 

In this study, efforts have been made to integrate the results of ERT 
and GPR surveys to investigate the structure features of the 
southeastern Asaluyeh. The combined results of these studies, along 
with field observations, aim to provide a more precise interpretation of 
subsurface conditions in the study area. Furthermore, subsurface 
features, such as fractures, and weakened zones were selected as suitable 
targets for identification using both resistivity and GPR approaches. 

2. Methodology 

In the present study, both direct current (DC) resistivity and 
electromagnetic methods, particularly GPR, have been utilized for 
investigating the subsurface characteristics of geological layers. These 
methods possess high-resolution capabilities, enable rapid data 
acquisition, and are cost-effective. Additionally, advanced modelling and 
inversion techniques are available in this field, facilitating more accurate 
interpretations, especially in geologically complex areas [25]. From an 
electrical perspective, anomalies characterized by low electrical 
resistivity may be attributed to high salinity content in pore fluids, the 
presence of clay, particle size distribution, or a combination thereof 
[26]. Consequently, areas prone to fracturing can be identified using 
electrical resistivity methods prior to ground subsidence [27]. The 
rationale behind employing the geoelectrical method lies in its superior 
resolving power for identifying water-bearing layers within fracture 
zones, a critical factor in expediting groundwater flow [28]. However, 
the use of GPR is preferred due to its high accuracy in calculating layer 
thicknesses and shallow-depth fracturing, particularly in determining 

common fractured zones. 

2.1. GPR approach 

GPR is a non-destructive geophysical method known for its high-
resolution capabilities. It involves the transmission of high-frequency 
electromagnetic waves into the ground and recording the reflected 
waves from subsurface interfaces, thereby facilitating subsurface 
investigation at shallow depths. This technique employs 
electromagnetic (EM) waves to visualize subsurface structures in 
geological, archaeological, and other environmental applications [29]. 
The detailed interpretation of GPR features is primarily dependent on 
temporal resolution. Enhancing the temporal resolution of GPR data is 
crucial for accurately characterizing underground structures [30]. The 
benefits of sparse signal processing using the majorization-minimization 
(MM) method for GPR signal compression were examined. This 
approach involves minimizing the cost function using L1 and L2 norms, 
and it considers the banded structures of matrices arising from the 
sparse deconvolution problem. 

2.2. GPR processing and Attribute 

GPR processing includes time-zero correction, Dewow, gain, 
background removal, and a non-local mean filter. We use time-zero 
correction to accurately position the starting point of traces on the 
surface and reflections in their true locations. Dewow is employed to 
eliminate the impact of low-frequency, unwanted reflections that 
overlap with high-frequency reflections in GPR sections. Gain is applied 
to offset the decrease in power of electromagnetic waves as they 
penetrate deeper. Background removal is utilized to eliminate direct 
aerial and ground waves. Finally, we applied the non-local filter to 
eliminate random noise in GPR sections [17]. 

Also, we extracted the instantaneous energy of a signal x(t) which 
may be monitored using the instantaneous energy operator, sometimes 
referred to as the instantaneous envelope (E). The operator is defined 
by taking the square of the values of its analytic form: 

 

𝐸(𝑥(𝑡)) = (𝑥(𝑡) + 𝑖𝐻(𝑥(𝑡)))2                                                             (1) 
 

Where H is the Hilbert transform and i2=-1. By the derivative function 
as the frequency-weighted filter, we were able to compute the 
instantaneous energy with more accuracy [31]. 

2.3. DC resistivity method 

DC resistivity method has the appropriate capability to identify 
anomalies with small dimensions and areas with complex geology. To 
obtain apparent resistivity, direct or alternating electric current with a 
low frequency (generated by a battery or generator) is sent from two 
installed electrodes (A, B) on the ground surface into the ground. The 
voltage resulting from this current is measured inside the ground by two 
electrodes (M, N). The electrical conductivity of rocks generally 
depends on the mineral composition forming them. If a rock is highly 
compacted, it will have high electrical resistivity, but due to the defects 
and fractures present in rocks, their resistivity can vary significantly 
[32]. Therefore, the effective factors influencing electrical resistivity 
include I) the volume of defects and fractures in rocks, II) their 
distribution and interrelation, III) the volume of defects and fractures 
containing water, IV) the electrical conductivity ability of water present 
in rocks, and V) the mineral composition forming the rocks. In many 
geological conditions, two-dimensional surveys using DC resistivity can 
yield useful results that complement and supplement the results 
obtained by other geophysical methods. For example, GPR method 
provides acceptable images of subsurface layers, but its penetration 
depth depends on the type of subsurface layers and the used antenna 
frequency. Using lower-frequency antennas can increase the penetration 
depth of the ground-penetrating radar method; however, with 
increasing penetration depth, the resolution of obtained sections 
decreases. Therefore, two-dimensional DC resistivity method can be 
performed in conjunction with the GPR method, as these methods can 
provide complementary information about subsurface layers with 
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accuracy and acceptable quality [33]. Two-dimensional DC resistivity 
surveys are usually carried out using a large number of electrodes 
consisting of a multi-strand cable and an electronic switch box through 
which measurements are made by selecting four electrodes (two current 
electrodes and two potential electrodes). Figure 1 illustrates the typical 
setup for the Wenner-Schlumberger configuration. Typically, a constant 
value is considered as the electrode spacing distance, denoted by the 
quantity 'a' in the relevant equations. The most commonly used arrays 
in tomographic surveys include Wenner-Schlumberger and dipole-
dipole arrays, where the first one is used in this study to achieve layering 
status and existing fractures in each profile. 

The quantitative interpretation of DC resistivity data typically 
necessitates inverse modelling. An exception is the continuous wavelet 
transform (CWT) technique introduced by Barbolla et al. [34] for 
interpreting DC resistivity data, as no other alternative approaches exist 
for the quantitative interpretation of the DC resistivity method. 

For addressing the DC resistivity problem, Loke et al. [35] described 
a versatile algorithm implemented in the widely used RES2DINV® 
software. This software employs two optimization iterative approaches 
that can be selected alternatively. The first approach is the L2 norm 
smoothness-constrained optimization method, which produces a model 
with smooth resistivity variations. This method minimizes the objective 
function at each kth iteration: 

 

𝜓(𝑚𝑘) = 𝑔𝑘
𝑇𝑔𝑘 + 𝜇𝑘𝑚𝑘

𝑇𝑊𝑚𝑚𝑘                                                               (2) 
 

In this expression, 𝜇𝑘 is the regularization parameter, 𝑚𝑘is the model 
vector, and 𝑔𝑘 = 𝑑 − 𝐹(𝑚𝑘)  is the data-misfit vector between the 
logarithm of the apparent resistivity from measurements and that 
calculated from the model 𝑚𝑘 . Using the gradient of the objective 
function, the Gauss-Newton method of least squares is applied to solve 
the following system of equations [36]. 

 

(𝐽𝑘
𝑇𝐽𝑘 + 𝜇𝑘𝑊𝑚)𝛥𝑚𝑘 = 𝐽𝑘

𝑇𝑔𝑘 − 𝜇𝑘𝑊𝑚𝑚(𝑘−1)                                             (3) 
 

where is Jk the Jacobian matrix. Once the model variation ∆𝑚𝑘  is 
estimated, the model is updated as 𝑚𝑘 =  𝑚𝑘−1+∆𝑚𝑘 . 

The second method is a L1-norm based optimization method, based 
on the iteratively reweighted least-squares algorithm[37]: 

 

(𝐽𝑘
𝑇𝐽𝑘 + 𝜇𝑘𝑊𝑚)𝛥𝑚𝑘 = 𝐽𝑘

𝑇𝑅𝑑𝑔𝑘 − 𝜇𝑘𝑊𝑚𝑚(𝑘−1)                                        (4)  
 

where Rd is a re-weighting matrix. We used L2 norm for the inversion 
of the measured DC resistivity data. 

 

 
Fig1. Schematic diagram of the DC resistivity using the Wenner-Schlumberger 
array. 

3. Study area 

The southeast of Asaluyeh in the Koushknar region, part of the 
Parsian County in Hormozgan Province, is an area with diverse and 
complex geology. This region, due to its location in the Zagros fold belt 
and its proximity to the Persian Gulf, possesses unique geological 
features. The Zagros region, especially in the southeastern parts of 
Asaluyeh, has complex structures formed due to tectonic activities over 
millions of years. This area is part of the Zagros fold and thrust belt, 
resulting from the collision of the Arabian and Iranian tectonic plates. 

The rock units and formations in this area include a) Cretaceous 
Formations: These formations include shales, limestones, and 
sandstones deposited during the Cretaceous period. These formations 
often contain marine fossils, indicating a marine environment at that 
time. b) Cenozoic Formations: These formations consist of thick 
sequences of limestone, marl, and gypsum, primarily formed during the 
Tertiary period (Paleogene and Neogene). c) Quaternary Formations: 
These formations include alluvial and fluvial deposits formed in the 
recent geological periods. These sediments often consist of sand, gravel, 
and silt. In terms of tectonic activities, the Zagros region, due to the 
tectonic pressures from the collision of the Arabian and Iranian plates, 
has numerous folded structures and faults. These tectonic activities have 
resulted in the formation of hills, mountains, and deep valleys. This area, 
due to its complex geological structures, has numerous natural 
resources, including oil and gas reserves. The South Pars gas field, one 
of the largest gas fields in the world, is located in this region. Industrial 
activities and the extraction of natural resources in this area can have 
serious environmental impacts. Balancing industrial development with 
environmental protection is one of the main challenges in this region. 

The study area is situated on the southern edge of the Madar 
Anticline in the Zagros Mountains, southwestern Iran. This anticline, an 
asymmetric fault-related fold striking NW-SE, spans between the 
Bushehr and Hormozgan provinces along the Persian Gulf coast. The 
southern edge of the anticline exhibits a steeper dip compared to the 
northern edge, with a maximum dip of 35 degrees. The primary rock 
outcrops in the anticline are the Aghajari Formation (comprising 
marlstone, gypsum, and sandstone) and the Bakhtiari Formation 
(conglomerate). While the northwestern parts of the anticline are 
predominantly covered by the Bakhtiari Formation, the site of interest 
exposes only the Aghajari Formation. Excavation and leveling activities 
for a construction project on the southern edge of the anticline have 
resulted in the formation of significant and large cracks in the study area. 
To better understand the causes of these cracks and assess the risk of 
further expansion, DC resistivity measurement and GPR survey were 
conducted. Figure 2 provides a general view of the study area provided 
by Google Earth map, including four interested profiles. The green line 
in Figure 2 corresponds to the geological cross-section shown in Figure 
3. The geological section of subsurface is displayed in Figure 3 where 
inclined gypsum is generally immersed in an Aghajari formation, which 
is mainly compose of Marne. 

 

 
Fig. 2. A general view of the study area and development of several large NW-SE 
oriented cracks on the southern limb of the Madar Anticline. 

 

 
Fig. 3. Geological section of the subsurface. 
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3.1. Data measurements 

In this study, an attempt was made to integrate the results obtained 
from the DC resistivity tomography method and GPR to examine the 
critical areas detected by each of these methods for a more precise and 
reliable interpretation. Although the tomography method provides 
reliable results in areas with complex geology, the GPR method was also 
utilized. GPR data were collected from an area where shortly before the 
survey, major cracks appearedat at the surface. The survey was carried 
out using a MALA GPR shielded antenna with an 80 MHz antenna.GPR 
profiles were collected in the field using RAMAC Groundvision GPR 
measurement software to make 2D images. At first, four DC resistivity 
were measured using the Wenner-Schlumberger array with an electrode 
spacing of 4 m. All profiles used in this study have lengths of 76m, 
including 20 electrodes which are directed from north-east to south-
west. For conducting geoelectric studies, the utilized equipment and 
tools were the ABEM-SAS-1000 geoelectric device, brass and steel 
electrodes, a Global Positioning System (GPS) for coordinate system 
localization, grounding rods, cables, and connecting wires. Considering 
the project's sensitivities and the exceptional importance of the existing 
blocks in the area, two-dimensional tomographic profiles with high-
resolution capabilities for subsurface layers to a depth of approximately 
16 meters have been acquired. Then, four profiles of GPR survey are 
alonge the same profile, as Dc resistivity profiles which are presented in 
the following sections. Since geophysical methods, including GPR are 
based on the physical properties of materials (dielectric permittivity), 
and the detection is based on the difference between the physical 
parameters of the target and the environment, changes based on these 
parameters are taken into account and are recognized and examined as 
anomalies. 

3.2. Joint interpretation of DC resistivity and Ground Penetrating 
Radar (GPR) 

In order to make the interpretation of the measured data sets, the 
joint interpretation of DC resistivity data inversion and processed GPR 
data is applied. Measured apparent resistivity data and GPR data for the 
profile 1 are displayed in Figure 4 where a reliable interpretation may 
not be made from these measured data. However, for this special case 
and for DC resistvity, two resistive anomalies can be qualitatively 
interpreted for x coordinates from 40 to 60 m. Therefore, inversion (for 
DC resistivity), processing, and attributes (for GPR) are required in 
order to detect subsuface anomalies which are demonstrated in Figure 
5. For all resistivity inverse sections, three critical zones with varying 
layering were observed, and in all four profiles, the first zone is related 
to the gypsum layer surrounded by Marne, which affects depth of less 
than 5 meters in the resistivity sections. Beyond this depth, due to the 
absence of subsurface resistivity changes, there are no geophysical 
changes in the subsurface layers. Horizontal extension of the first critical 
zone is approximately 10 meters. 

The second critical zone is related to the fracture in the Marne layer 
along with the gypsum layer immersed in marl, which has an effective 
depth of approximately 10 meters for profiles 1-3 and 12 meters for 
profile 4 in the resistivity section. Considering the gypsum layer's 
resistivity and the absence of changes in layering direction, it is expected 
that the extent of fracturing to depths of about 10 m may increase due 
to gypsum layer dissolution. Beyond the depth of 10 meters (for profiles 
1-3) and 12 meters (for the profile 4), due to the absence of subsurface 
resistivity changes, there are no geophysical changes in the subsurface 
layers. The horizontal extension of this critical zone is 16 m for P1, P2 
and P3, and 13 m for P4. 

The third critical zone corresponds to the gypsum layer encompassed 
by the Marne, so that the gypsum layer’s depth of effect is less than 5 m. 
Beyond this depth, due to the absence of subsurface resistivity changes, 
there are no geophysical changes in the subsurface layers. The 
horizontal length of this critical zone is 8 m for P1and P2, while it is 7 m 
for P3 and P4. 

For the GPR approach, processed sections of measured data and the 
Instantaneous Energy Attribute (IEA) are presented. From the  

 
 

processed data sections, the second critical zone was clearly detected, 
the third critical zone was relatively noticeable, especially for profiles 1 
and 2, but the first critical zone was not discerned except in profile 1. 
Sections derived from the implementation of IEA clearly demonstrate 
the recovery of the second critical zone, while the third critical zone may 
be discerned in sections of profiles 1, 2 and 3 (for profile 4, it is difficult 
to conclude the presence of the third critical zone). It should be 
mentioned regarding the first critical zone that a weak anomaly may be 
distinguished (at x=25 m) for profiles 1, 2 and 3; however, this weak 
anomaly may not be detected in the section 4. On aggregate, it can be 
concluded that this the utilized IEA helped use detect more anomalies 
with greater resolution than the processed GPR data. Indeed, IEA 
sections show more consistency with DC resistivity inversion results 
about subsurface targets. 

 

 

 
Figure 4. Measured apparent resistivities (Up) and GPR (Down) data sets. 

 
Since GPR is a high-resolution method, we may expect that GPR 

would detect anomalies better than DC resistivity, but according to the 
obtained results, DC resistivity approach shows critical zones better 
than GPR. This issue may be hidden in the contrasts of resistivities and 
dielectric constants between anomalies and background medium. 
Indeed, resistivity contrast is likely more significant than dielectric 
contrast. 

Now two important questions should be addressed regarding DC 
resistivity and GPR results: I) Why is the second critical zone clearly 
detected in all sections using both approaches? II) Why is the recovery 
of critical zones not achieved at greater depths for all anomalies and by 
both methods in spite of continuations of these zones to depths greater 
than 15 m (considering the geological section shown in Figure 3)? 

The second anomaly is considerably thicker than the first and the 
third ones, so its effect is more significant on the measured data at the 
surface (see resistivity pseudo-section in Figure 4 and the processed 
GPR data in Figure 5). Hence, the detection of this critical zone is much 
easier than the other ones. At greater depths, we are confronted with 
two issues: 1) increasing the depth of exploration is achieved by 
increasing the electrode separation for DC resistivity and increasing 
time intervals for GPR waves, so it is reasonable to have lower resolution 
at greater depths for both methods. 2) Furthermore, DC resistivity 
measurements are collected using the Wenner-Schlumberger array 
which does not provide enough data coverage on the left and right parts 
of the area at greater depths; thus, recovery problem about the first and 
the second anomalies is intensified. The results of processing, modelling, 
and interpreting the collected data indicated that the integration of 
these two methods is highly effective in identifying phenomena, such as 
existing fractures. Based on this case study, we noticed that DC 
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resistivity and GPR show relatively good correspondence in detecting 
critical zones, but complete consistency cannot be expected, because 
they are searching for subsurface sources using different paramters 
(resistivity and dielectric constant). The joint interpretation of DC 
resistivity and GPR results across all profiles indicates a promising 
correlation between two methods in identifying critical zones. 

Overlapping detected zones suggest that both methods are sensitive to 
similar subsurface anomalies, potentially indicating changes in 
lithology, moisture content, or other geophysical properties. This 
complementary use of both methods enhances the reliability and detail 
of subsurface investigations, providing a robust framework for 
identifying and characterizing critical zones. 

 
Figure 5. Inverted resistivity models (left), the processed GPR sections (right) and IEA sections (bottom) for all the profiles. 
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4. Conclusion 

This study successfully integrates resistivity tomography and Ground 
Penetrating Radar (GPR) surveys to investigate the tectonic features in 
the southestern Asaluyeh. By combining these geophysical methods 
with field observations, we have achieved a more precise interpretation 
of subsurface conditions, particularly in identifying layer thicknesses, 
fractures, and weakened zones. The results demonstrate a high degree 
of agreement and compatibility between DC resistivity and GPR in 
delineating lithological features, highlighting the effectiveness of using 
both methods together. Our investigation utilized high-resolution DC 
resistivity and GPR methods, which enabled rapid data acquisition and 
were cost-effective. Advanced modelling and inversion techniques 
further enhanced the accuracy of our interpretations, especially in this 
geologically complex area. Four tomographic profiles were analyzed, 
revealing three critical zones with varying layering and specific features 
within the gypsum and marl layers. The resistivity data provided 
valuable depth profiles, while the GPR data identified anomalies based 
on dielectric permittivity differences. The joint interpretation of the DC 
resistivity and GPR results showed significant correlations, enhancing 
our understanding of subsurface conditions. Critical zones identified by 
both methods exhibited substantial overlap, confirming the presence of 
significant subsurface anomalies. This integrated approach allowed for 
a comprehensive analysis, revealing multiple distinct features and 
providing a clear view of the site's geological conditions. The findings of 
this study underscore the benefits of integrating resistivity tomography 
and GPR surveys for subsurface investigations. The combined use of 
these methods offers enhanced resolution and accuracy, making it a 
valuable approach for geotechnical studies in similar settings. Future 
research could expand on this approach, applying it to other areas with 
complex geological conditions to further validate its efficacy and explore 
additional applications. 
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