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Altered intrusive rock detection through electrical resistivity tomography: 
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ABSTRACT. This work investigates the potentiality of the 2D electrical resistivity tomography method to delineate an 
altered intrusive rock domain. The detection and characterization of such altered domains are crucial to understanding 
local hydrogeological conditions. Here, the target is the San Luis area, located in the northern part of the Estibaná River 
watershed, within the Los Santos Province in the central region of the Isthmus of Panama. First, a detailed geological 
survey was carried out to better constrain the tectonic structures. Then, two geological sections were developed based 
on two 2D electrical resistivity tomographies. A geoelectrical simulation process was conducted in both sections to set 
theoretical models whose model responses (synthetic field data set) would be consistent with the observations. After 
appropriate selection of the inversion parameters by using the Boundless Electrical Resistivity Tomography (BERT) 
code, the observations were processed, resulting in low calculation errors (χ2 < 0.51). Based on the superficial geological 
information and the results of the geophysical modelling, two profiles were established, depicting the lateral and in-depth 
distribution of rocks and sediments. The limit of the Ocú-Parita fault zone was identified as well. The results of the 2D 
inversion of the synthetic data, obtained with the established theoretical models, are consistent with the 2D inversion 
of the observations. Electrical resistivity tomography studies can be useful in establishing groundwater management 
models, particularly in areas that experience severe water scarcity during the dry season.

Keywords: Electrical resistivity tomography, Apparent resistivity, Geophysical inversion, Altered intrusive rock, San Luis zone, Panama.
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about the spatial distribution of the rock and other 
relevant characteristics. Another option is the use 
of 2D electrical resistivity tomography methods. In 
fact, 2D and 3D electrical resistivity imaging have 
been used in several regions to detect, delineate, and 
characterize intrusive rock domains (e.g., Mendoza 
and Dahlin, 2008; Rossi et al., 2017; Soro et al., 
2017; Gómez et al., 2019; Hasan et al., 2019).

In Panama, electrical resistivity imaging methods 
have been employed to detect geological contact 
zones and faults (Mojica et al., 2017), intrusive 
bedrock, and groundwater resources (Díaz et al., 
2012; Castrellón Romero et al., 2019; Mojica et al., 
2019, 2021; Rejiba et al., 2021; Ruiz et al., 2021). 
The present study therefore aims to delineate the 
altered intrusive rock domain in the San Luis area 
through surface geological study and 2D electrical 
resistivity tomography. We hope these new results 
will help define future models of groundwater 
management in the region.

2. Geological context

The San Luis area is located in the northern part 
of the Estibaná River watershed, on the Azuero 
Peninsula of Central Panama. The area is dissected 
by the trace of the Ocú-Parita fault, which crosses 
the entire peninsula in an east-west direction (Fig. 1).

The San Luis area has been characterized as a 
fragment of the Ocú-Parita fault, which directly 
influences the Estibaná River catchment channel, 

1. Introduction

The central region of the Isthmus of Panama is 
characterized by the lowest precipitation rate during 
the dry season, affecting negatively various human 
activities, including the agricultural development of 
the region. In parallel, these activities are also affected 
by the El Niño-Southern Oscillation phenomenon. 
One way to deal with the negative effects of these 
phenomena in this region is to take advantage of the 
groundwater in a systematic way. To do so, knowledge 
about the geological structure of the area where this 
resource will be exploited is needed.

Groundwater potential is determined by detecting 
and delineating the subsurface fractured layers that 
can offer pathways to the groundwater flow system 
(Berkowitz, 2002), while the aquifer characteristics 
are controlled by the thickness of the weathered and/
or fractured rock (Acworth, 2001).

Located in the northern part of the Estibaná River 
watershed (central region of the Isthmus of Panama), 
the San Luis area has a surface geology that suggests 
the presence of a geological formation consisting of 
altered intrusive rock, due to which it is classified 
as an important water reservoir. 

Obtaining information on subsurface geological 
formations through, more conventional, geotechnical 
drilling has certain drawbacks, such as limited budgets, 
time constraints, and the need for human resources 
in the field. This results in a reduced number of 
tests and therefore in a lack of detailed knowledge 

RESUMEN. Detección de roca intrusiva alterada mediante tomografía de resistividad eléctrica: El caso del área 
de San Luis, zona central de Panamá. Este trabajo investiga la capacidad del método de tomografía de resistividad 
eléctrica 2D para delinear un dominio de roca intrusiva alterada. La detección y caracterización de este tipo de intrusivos 
juega un papel importante en esclarecer el contexto hidrogeológico local. La zona de estudio corresponde al área de 
San Luis, ubicada en la parte norte de la cuenca del río Estibaná, provincia de Los Santos, región central del istmo de 
Panamá. Para reconocer las estructuras tectónicas de la zona, se realizó primero un levantamiento geológico superficial 
de detalle. Posteriormente, se efectuaron dos tomografías de resistividad eléctrica 2D a fin de confeccionar dos secciones 
geológicas. Un proceso de simulación geoeléctrica fue llevado a cabo en ambas secciones para establecer modelos teóricos 
cuyas respuestas (conjunto de datos de campo sintéticos) fuesen acordes con las observaciones. Posterior a la selección 
apropiada de los parámetros de inversión mediante el código BERT (Boundless Electrical Resistivity Tomography), las 
observaciones fueron procesadas, obteniéndose errores de cálculo bajos (χ2 < 0,51). Al combinar la información geológica 
de superficie y los resultados del modelado geofísico, se crearon dos perfiles geológicos donde es posible observar 
la distribución lateral y en profundidad de rocas y sedimentos, así como el límite de la zona de falla Ocú-Parita. Los 
resultados de la inversión 2D de los datos sintéticos obtenidos mediante los modelos teóricos establecidos concuerdan 
con aquellos de la inversión 2D de las observaciones. Estudios de tomografía de resistividad eléctrica pueden ser útiles 
en proporcionar modelos de gestión de agua subterránea, particularmente en áreas que experimentan escasez hídrica 
severa durante la temporada seca.

Palabras clave: Tomografía de resistividad eléctrica, Resistividad aparente, Inversión geofísica, Roca intrusiva alterada, Zona de 
San Luis, Panamá.
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particularly at its confluence with the La Villa River 
channel. Topographically, this sector presents a concave 
valley morphology with numerous intermediate 
elevations that suggest the presence of fractured 
blocks with delayed-stepped vertical displacements, 
characteristic of grabbed-type structures (Ruiz, 
20181, 20202).

In the San Luis area, Late Cretaceous sedimentary 
sequences overlie fractured crystalline shales and 
a sterile, porphyritic intrusive body with well-
developed subparallel hornblende crystals (Ruiz, 
2020). The east-west topography and the presence 
of sedimentary remnants on the summits of the area 
suggest that the blocks within this fault zone have 
experienced vertical movements (Ruiz, 2018). North 
and south of the San Luis area, the displacement 
is mainly sub-horizontal, exposing the fractured 
components to intense erosive processes associated 
with the Pesé and Tonosí formations (Ruiz, 2020). 
A simplified geological map of the San Luis area is 
shown in figure 1.

The intrusive bodies of interest originate from 
the Loma Montuoso batholith, possibly from a 
calc-alkaline magma that differentiated into a felsic 

magma, producing quartz diorites and granodiorites. 
Based on multi-crystal, incremental heating 
40Ar/39Ar dating, the age of the intrusive suite is                                        
64.87±1.34 Ma (Mann and Corrigan, 1990). Likewise, 
Wegner et al. (2011) confirm similar ages to other 
intrusive bodies recognized on the mineralized belt of 
the Azuero peninsula, also associated with the Loma 
Montuoso batholith, which exhibits a predominant 
~N70W orientation.

The composition of the intrusive body found 
in the San Luis area suggests a less felsic magma. 
The development of subparallel hornblende crystals 
points towards the presence of abundant water in the 
magmatic system, unlike the other intrusives known 
in the zone. Tectonic activity was likely the reason 
for its late rise.

3. Methodology

To shed light on the subsurface distribution of the 
geological formations in the study area, two sections 
were established: one (P1) of 787 m in length, in a 
southwest-northeast direction, and the second (P2) of 
784 m in length, in a southeast-northwest direction. 

FIG. 1. Location of the San Luis area in the central zone of Panama. Inset shows a simplified geological map of the surveyed zone 
and surroundings. OPF: Ocú-Parita fault, PFZ: Pedasí fault zone, RJFZ: Río Joaquín fault zone, ACF: Agua Clara fault,          
ASF: Azuero-Soná fault (modified from Instituto Geográfico Nacional Tommy Guardia, 2007).

1 Ruiz, A. 2018. Geología del río Estibaná. Reporte Geológico: 46 p. https://www.tierragrande.co/wp-content/uploads/2024/08/REPORTE-FINALrop.
pdf

2 Ruiz, A. 2020. Consideraciones tectónicas sobre Estibaná y áreas adjuntas. Reporte Técnico: 19 p. https://www.tierragrande.co/wp-content/uploads/2024/08/
consideraciones-tectonicas.pdf

https://www.tierragrande.co/wp-content/uploads/2024/08/REPORTE-FINALrop.pdf
https://www.tierragrande.co/wp-content/uploads/2024/08/CONSIDERACIONES-TECTONICAS.pdf
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On top of each geological section, 235 m-long                                                      
profiles were designed to carry two 2D electrical 
resistivity tomographies (T1 and T2). Figure 2 presents 
the distribution of the geological (P1 and P2) and 
electrical (T1 and T2) profiles and a topographic 
map of the San Luis area.

3.1. Field measurements and parameter settings

The electrical resistivity of the soil is determined 
by various factors, including soil composition (e.g., 
mineralogy), particle size distribution, and structure 
(e.g., porosity, connectivity, pore size distribution, 
water content) (e.g., Bai et al., 2013). In addition, 
thermodynamic parameters such as temperature and 
pressure also influence soil resistivity (e.g., Nover, 
2005). This relationship between the electrical 
resistivity and moisture content of soil and rocks 
makes the electrical resistivity method a valuable tool 
in hydrogeological studies (e.g., Reynolds, 1997). 

Over the past few decades, the development of 
sophisticated electronic and computerized systems 
has led to significant progress in geophysical data 
recording devices. Our study used a Syscal R1 Plus 
Switch-48 for resistivity profiling. This instrument 
consists of two multi-cable systems of 24 channels, 
each with a maximum distance between the electrodes 
of 5 m. For carrying out the automatic switching of 

these electrodes and acquiring profiling data, two 
parameters were set: (i) acquisition parameters, which 
include the minimum and maximum number of stacks 
per measure (in this study, 3 and 6 respectively), the 
quality value (or minimum standard deviation) of the 
voltage and electrical current ratio for the stacks (1%), 
and the time cycle (500 ms); and (ii) geometrical 
parameters, such as the number of electrodes (48), 
electrode distance (5 m), number of levels (23), and 
electrode array (Wenner-Schlumberger). Regarding 
the electrode array, it was considered a suitable option 
for achieving both good and vertical resolutions 
(e.g., Loke, 20213).

3.2. Scheme of inversion

Each data file was inverted using the Boundless 
Electrical Resistivity Tomography (BERT) code 
(Günther et al., 2006). This code uses irregular 
triangle meshes and the finite-element forward 
calculation discussed by Rücker et al. (2006). BERT 
uses the smoothness-constrained Gauss-Newton 
method, whereby the linearized problem is solved 
as a function of a Jacobian matrix (which contains 
the partial derivatives of the model response and 
the model parameter vectors), the updated model 
vector, the observations (apparent electrical resistivity 
values), and the model response vector.

FIG. 2. Distribution of the geological (P1 and P2; red lines) and electrical (T1 and T2; black lines) on top of the topographic map of 
the San Luis area (contours every 5 m.).

3 Loke, M.H. 2021. Tutorial: 2-D and 3-D electrical imaging surveys. www.geotomosoft.com
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The inversion process was carried out through a 
constrained smooth minimization operation, using 
an equation that depended on the error-weighted 
data fit, the model roughness, and a regularization 
parameter (Ronczka et al., 2017). According to 
Günther et al. (2006), model roughness is given in 
terms of a matrix applied to the model parameter 
vector. The regularization parameter (represented 
by λ) controls the smoothing constraints, so setting 
a high parameter could generate a smooth model. 
In our case study, a value of λ=2 was established 
to obtain electrical anomalies within well-defined 
limits. During the 2D inversion process, the initial 
model was modified iteratively to reduce the 
difference between the model response vector and 
the observations (Loke, 2021). This data fit was 
evaluated by calculating the chi-square value (χ2) 
as a weighted error in each iteration. 

3.3. Forward modeling

In order to check the validity of the inversion, 
a forward modeling was conducted in both profiles 
through a direct simulation by means of the AGI 

EarthImager 2D software. The forward solution was 
obtained by solving a partial differential equation, 
which contained the scalar electric potential in the 
Fourier transform domain, the intensity of the electric 
current in the 2D space through the Dirac delta function, 
the wavenumber in the transformation of the partial 
differential equation through the Fourier analysis, 
and the distribution of the electrical conductivity in 
the 2D space (Dey and Morrison, 1979; AGI, 20074).

The model response vector (synthetic apparent 
resistivity values) was generated through the finite 
difference method implemented in the software. 
The results of the inversion of the field data from 
each electrical profile determined the number of 2D 
structures to choose.

4. Results

4.1. Inversion of the data field

The inverted resistivity images of profiles T1 
and T2 are shown in figure 3A and B, respectively, 
with acceptable χ2 values of 0.51 and 0.36. Figure 3A 
shows a superficial conductive horizon represented 

FIG. 3. Inverted resistivity images obtained in profiles T1 (A) and T2 (B). See profile location in figure 2. See text for explanations 
on the symbols used.

4 AGI, 2007. Instruction Manual for EarthImager 2D version 2.4.0, Advanced Geosciences Inc.: 100 p, Austin.
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in blue and green tones, with a range of calculated 
electrical resistivity values between 4.07 and 27.19 Ωm     
and depths that exceed 10 m in some areas. Below 
this horizon, a high electrical resistivity anomaly is 
identified in red tones with values between 70.28 
and 182 Ωm. This latter anomaly extends laterally 
and in-depth in almost the whole profile. In between 
these two electrical anomalies, a yellow-colored 
horizon is characterized by electrical resistivity 
values between 27.19 and 70.28 Ωm.

Figure 3B shows a superficial conductive horizon 
in blue and green tones that extends from ~459 to    
569 m along the profile, at variable depths (between 
~3 and 12 m), and with calculated electrical resistivity 
values ranging between 4.07 and 27.19 Ωm. Between 
positions 334 and ~459 m along the profile, this 
conductive layer reaches greater depths compared 
to the right side of the figure. The high electrical 
resistivity anomaly is shown between positions ~459 
and 569 m and below the conducting superficial 
horizon. This electrical anomaly is represented in 
red tones, with calculated electrical resistivity values 
ranging from 27.19 to 182 Ωm.

4.2. Geological sections

The inverted resistivity images obtained above 
were combined with the surface geological information 
reported by Ruiz (2018, 2020) to create geological 
sections along the profiles P1 and P2 (Fig. 4).

The interpretation corresponding to the geological 
structure presented in these profiles indicates the 
presence of a warped layer (topsoil) of low electrical 
resistivity that overlies a fractured body of high 
electrical resistivity. This body is associated with 
the altered porphyritic mafic intrusive recognized 
on the surface.

4.3. Synthetic models

In this study, the theoretical models considered 
homogeneous structures based on previous findings. 
The models began with a conductive surface layer 
representing the residual soil with an electrical 
resistivity value equal to 10 Ωm. By following the 
information showcased in figure 4, this superficial 
layer was set to rest on two important structures: 

FIG. 4. Geological sections obtained along the profiles P1 (A) and P2 (B). Gray bands delimit the areas covered by the resistivity 
images shown in figure 3. See profile location in figure 2.
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(i) a conductive structure of 15 Ωm, corresponding 
to volcanic deposits, and (ii) a resistant structure of 
200 Ωm that represented the altered intrusive body.

Additionally, a 100 Ωm resistivity layer was 
established in each synthetic model. This layer was 
set to represent the transition zone between the 
conductive, superficial soil layer and the resistant, 
altered intrusive body.

The same inversion process behind figure 3 
was followed to develop the synthetic model by 
establishing the same number of electrodes and 
parameters. Hence, two 2D electrical tomographies 
were created (Fig. 5).

5. Discussion

The conductive zones (i.e., 4.07-27.19 Ωm) 
identified in the T1 tomography (Fig. 3A) correspond 
to a superficial layer of soil, which is the result of 
the weathering process of the rock formations in 
the study area. The resistive zones identified in 
the T1 and T2 tomographies (70.28-182 Ωm) are 
associated with the altered intrusive body. The horizon 
located between the conductive and resistive zones 
mentioned above, characterized by intermediate 
electrical resistivity values (27.19-70.28 Ωm), can 
be associated with a transition zone between both 
horizons. The beginning of the profile in figure 3A, 
at position ~359 m, shows the southwestern limit 
of the resistive horizon or anomaly, which could be 
associated with a fault zone (Fig. 4A).

The conductive surface horizon (i.e., 4.07-         
27.19 Ωm) presented in the T2 tomography (Fig. 3B)                           
between positions ~459 and 569 m can be associated 
with the surface soil layer identified in figure 3A. 
At the beginning of this profile, between positions 
334 and ~459 m, the conductive horizon occupies 
the maximum vertical extension so that it could 
correspond to the shallow soil layer mentioned 
above and followed by a second conductive 
horizon, possibly a layer of volcanic material, with 
calculated electrical resistivity values <27.19 Ωm.                                                                                
Finally, the resistive anomaly identified in this 
second profile is associated with the altered 
intrusive rock body, whose abrupt end at position 
~459 along the profile may likely represent the 
Ocú-Parita fault (Fig. 4B).

Based on the analysis of the existing outcrops in 
the area, the simplified geological map, the results 
of the 2D inversion of observations, and the 2D 
geophysical modeling, the geological interpretation 
suggests a sequence of Late Cretaceous sedimentary 
rocks truncated by the regional-scale Ocú-Parita fault 
(Fig. 4). The distribution of these rock sequences 
has been constrained in synthetic models to define 
some relationships between the results of the data 
inversion and the response of the model. There is 
an overall good agreement between the in-depth 
distribution of the two conductive structures (10-
15 Ωm), representing the surface soil layer and 
the volcanic deposits, the two resistant structures 
(100-200 Ωm), representing the altered intrusive 

FIG. 5. Synthetic models established for profiles T1 (A) and T2 (B), and 2D inversion results for these models (C and D). See profile 
location in figure 2. See text for explanations on the symbols used.
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body and a transition zone, the geological structure 
of the study area, and the 2D electrical resistivity 
models obtained from the inversion of the field data.

6. Conclusions

The geophysical study conducted in this work 
made it possible to identify and delimit an altered 
intrusive body in the San Luis area of Central 
Panama. Due to its fractured and altered nature, 
this body can be considered a natural recharge zone 
and, therefore, key in setting the ground for future 
groundwater management models. The interpretation 
of the geological sequences shown in this work has 
been represented through theoretical 2D electrical 
resistivity models, whose model response inversion 
can be adjusted by considering the inversion results 
from the observations.
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