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Abstract
The town of Teresina, in the state of Piauí, Brazil, presents a history of land sinking processes. Two
sinking events deserve to be highlighted, the �rst occurred in 1999 at Simplício Mendes street and the
other occurred on July 31, 2008, at Francisco Mendes street. In order to identify possible shallow caves
and associated structures, the Geological Survey of Brazil/CPRM developed a Ground Penetrating Radar
(GPR) study to verify the occurrence of re�ection patterns characteristic of these dissolution structures. In
the �eld, the team conducted GPR sections along streets with a history of collapse. The GPR results
obtained with shielded antennas of 200MHz allowed the identi�cation of old areas of collapse of the
terrain, to a maximum depth of 3 meters. In addition, the results obtained by this study show the potential
of applying the GPR method in the characterization of the subsoil of paved streets, making it possible to
identify various layers: asphalt, actual pavement, subgrade pavement, soil, saprolite, and mixed material.
The high clay content of the subsoil does not allow the GPR to investigate further depths in the research
area. The interpretation of aeromagnetometric data shows that the occurrence of sinkholes is associated
with magnetic lineaments mainly in the NW-SE direction and enhances the understanding of the
structural framework of the study area.

Highlights
Characterization of re�ection patterns 

GPR as a tool for the practical recognition of sinkholes 

Agility to identify shallow caves and associated structures with GPR

Introduction
In Brazil, the verticalization of urban spaces due to higher living standards and the construction of tall
buildings in urban areas, in addition to the progressive growth of land use by mining, civil engineering,
and agriculture activities, have generated impacts on the physical environment, as in the case of karst
terrains. In this context, the signi�cant areas of karst terrains in several Brazilian cities (Cajamar-SP,
Lapão-BA, Teresina-PI, Curvelo-MG, Bocaiúva do Sul-PR, Sete Lagoas-MG, Almirante Tamandaré-PR e
Colombo-PR), means that there are potential geological risks for phenomena that generate subsidence
and collapse of cavities under these cities. According to Vestena (2002), the subsidence which has
occurred in the cities of Cajamar-SP, Sete Lagoas-MG, Almirante Tamandaré-PR, and Colombo-PR are
associated with karst terrains, where the lowering of the water table contributed to the process of soil
collapse / subsidence. 

In light of this, the geological risk associated with karst areas is worrying since in this type of geological
environment, soil subsidence and cavity collapse can become a social and economic threat, which is
intensi�ed by the urbanization of these cities (Vestana 2002; Waltham et al. 2005; Gutiérrez et al. 2015). 
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Karst terrains are formed by the surface and subsurface dissolution of carbonate and evaporite rocks,
which are commonly characterized by challenging geotechnical conditions (Rodriguez et al. 2014).
However, some authors call attention to less soluble rocks that can develop karst settings, such as
sandstones and quartzites (Martini 2000; Frumkin 2013). It’s worth noting that in karst settings, problems
related to subsidence and collapse can be caused by natural phenomenon or by anthropic activity.
Subsidence sinkholes are the main risk in karst terrains (Waltham et al. 2005; Gutiérrez 2010; Rodrigues
et al. 2014).

Considering the heterogeneous character and susceptibility of karst terrains to subsidence and collapse,
geophysical studies and investigations using multiple approaches are extremely important for providing
information on the subsurface, enabling the identi�cation and characterization of features associated
with sinkholes (Milanovic 2000; Thierry et al. 2005; Ezersky et al. 2006; Ezersky 2008; Argentieri et al.
2015). According to Lelièvre et al. (2009), due to the ambiguity of the results obtained by a single
geophysical method, the integrated application of various geophysical methods in the study of an area is
necessary in order to provide more reliable information and results (Dourado et al. 2001; Kruse et al. 2006;
Lago et al. 2006; Lago et al. 2008; Nouioua et al. 2012; Sevil et al. 2017; Pazzi et al. 2018; Hussain et al.
2020). 

The effectiveness of a geophysical survey is conditioned by the existence of contrasts between the
measured physical property values. Therefore, considering changes in the physical properties of
materials caused by the processes of dissolution, erosion, and subsidence involved in the development of
sinkholes, geophysical methods are an excellent tool for indirect investigation (Hoover 2003). In general,
the use of geophysical surveys in the characterization of karst terrains consists of the detection and
mapping of the extension of sinkholes as well as information about the depth of the water table, direction
of the underground �ow, and depth of the karst rocks (Chalikakis et al. 2011).

Among the geophysical methods, the Electrical Resistivity (ER) method is widely used in several �elds of
study such as mining (Ari�n et al. 2019), engineering geology (Rucker et al. 2011), hydrogeology (Revil et
al. 2012), environmental studies (De Lima et al. 1995; Chambers et al. 2006), agricultural studies (Michot
et al. 2003) and cavity studies (Smith 1986; Martinez-Lopez et al. 2013; Hussain et al. 2020). However,
despite the countless geophysical investigations carried out on karst terrains worldwide, (mainly for
mapping cavities) the Ground Penetrating Radar (GPR) method has proven to be the most e�cient
geophysical method for identifying geometric karst features in urban environments. As such, over the
past couple of decades the use of the GPR method has increased and many improvements have been
successfully implemented (McMechan et al. 1998; Zisman et al. 2005; Kruse et al. 2006; Rodriguez et al.
2014; Sevil et al. 2017; Hussain et al. 2020). In light of the results of these authors, the GPR method has
shown effectiveness in mapping urban areas affected by subsidence and collapse in karst environments
and has contributed to a better assessment of the risks associated with this geological environment. 

The physical principle and data acquisition of GPR methodology are similar to the seismic re�ection and
the sonar techniques, except that the GPR is based on the re�ection of electromagnetic waves (Casas et
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al. 2000). According to Annan (2002), this method stands out for shallow investigations, due to its high
resolution and the acquisition of a large volume of data in a short period of time. The depth of
investigation is a limitation of the GPR method and can be in�uenced by the following factors: geometric
scattering, attenuation by the terrain, and partition of energy at the interfaces, which are all related to the
loss of energy during the propagation of the electromagnetic wave (Bradford 2007). The depth of
investigation and the resolution of the GPR vary according to the frequency of the antenna. The higher
the frequency, the higher the vertical resolution and the lower the depth of investigation, and vice versa. 

Kruse et al. (2006) in the publication “Sinkhole Structure Imaging in Covered Karst Terrain”, show that
GPR and resistivity techniques have been widely used to map the locations of sinkholes in covered karst
terrain. The authors acquired GPR and resistivity data in the west-central region of Florida, USA.
 According to the authors, the GPR method provided detailed information on the geometry of sinkholes
developed within covered karst terrain. Rodriguez et al. (2014) applied the GPR method in two studies of
sinkholes developed in the mantled evaporite karst of Zaragoza city in Spain, with the purpose of
evaluating the potential of GPR for the characterization of sinkholes in covered karst. The authors
concluded that GPR was an effective technique for the identi�cation and characterization of shallow
collapse and sagging subsidence structures in covered karst areas. GPR allowed for the reliable mapping
of the limits of the sinkholes (characterizing their internal geometries), their inferred subsidence
mechanisms, and estimates of their morphometric parameters. Continuing geophysical studies in the city
of Zaragoza, Spain, Sevil et al. (2017) analyzed and compared the data acquired by the GPR and
Electrical Resistivity Tomography (ERT) methods. In addition, the authors suggested the use of shielded
antennas as the best option for surveys with the GPR method in urban areas.

Within this context, the study at hand consists of the imaging of subsidence areas by the GPR method in
the city of Teresina-PI. According to geotechnical studies, 9% of the city of Teresina-PI has a high chance
of a collapse and 45% of the city has a medium chance of collapse (Aquino 2020). The collapse and
subsidence of soil and rock are the result of the evolution of karst reliefs, the degree of dissolution of the
rock, and the evolution of cavities in the subsoil. The city developed mainly on sedimentary rocks
included in the Pedra de Fogo Formation (Permian). The rocks of this formation are susceptible to
dissolution processes, as seen in the processes of subsidence and / or collapse that have occurred widely
in the central region of the city. 

The Geological Survey of Brazil (CPRM), as part of the Emergency Action of Sectorization of Areas with
Risks of Subsidence in Karst Environments, carried out a geophysical study with GPR for the evaluation
and characterization of the sinkhole events that occurred in the city of Teresina-PI. Taking into
consideration the lack of published articles of this nature in the technical scienti�c literature, this article is
innovative in advancing the knowledge of this particular case study in Brazil.  The article presents a
model which includes a set of geological and pedological factors that caused the sinkholes and
collapses in the city of Teresina-PI, as well as integrating results obtained through the GPR method with
data from regional aeromagnetometric studies.
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SITE DESCRIPTION

The capital city of Teresina, in the State of Piauí, is located on the banks of the Parnaíba River and covers
an area of 1,756 km2. The central area of the city, located between the Parnaíba and Poti rivers, has a
highly fragile subsoil and subsequently a history of sinkholes, which have been triggered by the drilling of
tubular wells, �uctuations in the water table, and leaks in the sewage and hydraulic networks (Pimentel
2008; Fig. 1). Two sinking events deserve to be highlighted: the �rst occurred in 1999 at Simplício
Mendes Street and was related to the drilling of a cavity in the subsoil that caused the collapse of both
homes and the street itself (Fig. 2a). The second occurred on July 31, 2008, at Francisco Mendes street
(Fig. 2b). 

Teresina-PI was created in 1852 as a planned city with a geometric shape in the form of a chessboard,
and was the �rst planned city in Brazil (Viana 2007). From 1970 onwards a process of verticalization
began, which accelerated strongly in the late 1980s with the construction of many high-rise buildings
(Façanha 1998, 2003). However, it is not possible to say whether the geotechnical weaknesses
characteristic of the soils and rocks of Teresina were well known to the municipal technical entities and
particularly to the construction companies operating in the municipality.

On Francisco Mendes street, the soil (silty sand) presented mechanical and microstructural behavior
typical of collapsible soil as shown in the geotechnical study made by Aquino (2020). From the author’s
perspective, there was no single cause for the sinking of this street, rather there were a combination of
factors which contributed to the triggering of the accident, both of a pedological and geological nature.
The collapse events in the city were related to natural factors aggravated by anthropic action including:
leakage from a pipe, in�ltration of rainwater, leakage in the hydraulic network, �uctuations in the water
table, and tectonic events (leading to fractures).

Fractures are associated with the formation of dolines or small cavities in the subsoil, leading to the
possibility of free circulation of water and gases. The limestone intercalation with other rocks, typical of
the Parnaíba sedimentary basin (Castro et al. 2016), increases the dissolution power of the water on the
rocks.

The city of Teresina-PI is developed mainly on sedimentary rocks included in the Pedra de Fogo
Formation, which consists of alternating horizons of medium to �ne sandstones with cross-strati�cation
and discontinuous silexite and carbonate horizons. At the base of the Pedra de Fogo formation, there are
soft sandstones (�ne kaolinitic) that are very friable. These lithologies are overlapping the sediments of
the Piauí Formation.

The sediments of the Pedra de Fogo Formation are susceptible to dissolution processes that occur at
carbonate levels and which may be a condition of the collapse processes that are occurring widely in the
central region of the city. The collapses in Teresina-PI are related to natural factors aggravated by
anthropic action (rainwater in�ltration, leakage in the hydraulic network, water table �uctuations and
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geological faults), and considering these factors, a Geological Model was proposed in this work for the
city (Fig. 3).

Methodology
The methodology used in the work consisted of analyzing regional information to obtain information on
the main shear structures present in the area. Subsequently, there were investigations using the GPR
method to identify the re�ection patterns related to the old dissolution structures. After this stage, GPR
sections were carried out along city streets with high density of buildings.

Geophysical regional investigations

The application of aerogeophysical data for use in geological mapping is an important tool that provides
for understanding of the distribution of geological units and structural features, through various products
generated by digital aerogeophysical data processing techniques (Mekkawi et al. 2017). The
interpretation of aerogeophysical products for use in geological cartography is widely reported in the
technical-scienti�c literature, with Boyd (1976) being one of the �rst to use this methodology. The study
of the structural framework of the area was carried out by an integrated macro-structural analysis of
aeromagnetometry and satellite images (Shuttle Radar Topography Mission - SRTM), enabling the
interpretation of lineaments in the structural fabric of the area. These occur in several directions and
highlight faults / folds related to ruptile deformations in the NE-SW directions and ductile-ruptile
deformations mainly in the NNW-SSE and NW-SE directions.

The aeromagnetometric data used in this work were acquired by the Maranhão Basin Aeromagnetometric
Project - West Block (Consórcio ENCAL / LASA / PROSPEC 1988), totaling 57,951 km of pro�les in an
area of 143,200 km2. The acquisition parameters of this aerogeophysical survey were: spacing between
�ight lines of 3 km, spacing between tie-lines of 18 km, �ight line N-S direction, tie-line E-W direction, �ight
height of 500 m, airplane average speed of 200 km/h, and sampling interval of 100 m.

After processing the aeromagnetometric data, four geophysical images were generated: Anomalous
Magnetic Field, Anomalous Magnetic Field Reduced to the Pole, First Vertical Derivative of the
Anomalous Magnetic Field and First Vertical Derivative of the Anomalous Magnetic Field Reduced to the
Pole (Fig. 4). These support the interpretation of magnetic lineaments in the municipality (generally
re�ecting the deepest structures), as well as making possible an understanding of the city’s structural
fabric. The magnetic lineaments, linear or curvilinear, are principally in the NW-SE and NE-SW directions.
The sinkholes that occurred in the city of Teresina-PI are mainly associated with the NW-SE trend, as
observed in the geophysical images.

After the analysis of the aerial images (SRTM), interpretation of magnetic anomalies and with the
available geological information, a geological map was prepared for the city of Teresina to verify the
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correlation of the geological lineaments with the sinkholes (Fig. 5). As observed in the Geological Map of
the municipality, the Pedra de Fogo and Piauí formations cover 90% of the total area of the municipality,
and the Motuca and Corda formations cover a smaller portion.

The lithologies related to the Piauí Formation consist of gray to whitish sandstones, topographically
lower, from �ne to medium and well selected, possibly conglomeratic, interspersed with red shale and
clear limestone, outcropping to the north of the city close to the Parnaíba river. In its lower portion there
are thick banks of �ne to medium sandstone, not very clayey, pinkish reddish, sub-rounded, while in the
upper part shales and claystones with dolomite intercalations predominate.

GPR investigations

The GPR method is commonly used in geotechnical studies that involve the identi�cation of underground
cavities because of its speed in obtaining data and results (Anchuela et al. 2009; Anchuela et al. 2014). In
this work, to calibrate the acquisition of GPR data in the metropolitan area of Teresina, 2D investigations
were carried out in areas with a history of cave collapse. The two events described in this work refer to the
sinking of land caused by the drilling of caves, and consequently their collapse. GPR data were acquired
with the shielded 200 MHz antennas (Fig. 6). 

The data were acquired by moving the GPR through the common offset technique. The acquisition
parameters were: 

1700 MHz and 3400 MHz sampling frequency, resulting in temporal windows of 300 ns and 150 ns,
respectively;

For the 300 ns and 150 ns windows, 1024 samples per trace were used, providing a temporal interval
of 0.2929 ns and 0.1464 ns respectively; 

The sampling interval between the traces was 2.5 cm and 5 cm. The shoots and trace records were
registered continuously with the use of a calibrated wheel.

The data was processed with the Re�exW software, version 7.0 (Sandmeier 2012). The 2D data
processing routine consisted of:

IMPORT – �le format conversion (*.dzt - output from SIR3000 equipment, to *.dat format - Re�exW
�le);

SET TIME ZERO - adjustment of the �rst arrival of the electromagnetic wave; 

ENERGY DECAY (gain) - applied to recover the attenuated amplitude of the electromagnetic signal
during signal propagation in the medium;

BACKGROUND REMOVAL (2D �lter) - removal of coherent noise related to the reverberation of the
electromagnetic wave within the antenna shield and external noises;  

BANDPASS (1D �lter) - elimination of electronic and static noise inherent to the system; 

LINEAR GAIN – applied to highlight the amplitudes lost with spherical scattering;
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SPECTRAL WHITENING - applied for �attening the frequency spectra to enhance vertical resolution
and reduce the in�uence of periodic artifacts;

FK FILTER – applied to removal of unwanted re�ections from the borders of the investigation
medium 

FK MIGRATION – used to collapse the diffraction hyperboles and arrange the re�ectors in their real
position.

CONVERT TO DEPTH – conversion of time pro�les to depth. The conversion speed, used in this step,
was obtained through the hyperbolic adjustment of some diffracting points found in the investigated
area.

The same parameters for gain and �lters were applied to every section with the intention of comparing
the signal amplitudes. The average speed of propagation of the electromagnetic wave in the soil was
determined by the method of hyperbolic adjustment of diffracting points related to pipes found close to
the surface (Yilmaz 1987). The adjustment of hyperbolic events shows that the average of the adapted
speeds was 0.08 m / ns. Figure 7 shows the �ow diagram of the GPR data processing sequence.

Gpr Results And Discussion
The analysis of the results of GPR is done through the correlation between the geometry and the
amplitude of the re�ecting events. In the radar sections, there are distinct re�ection patterns that re�ect
the electrical behavior of the environment when passing through high frequency electromagnetic �elds.

The �rst re�ection pattern observed (PR1) has high amplitude, horizontal and inclined re�ectors,
continuous and discontinuous, and corresponds to the characteristic pattern of land�lls and soils (Fig.
8a). This pattern is recorded in all sections on their surfaces, that is, up to an average depth of 2 meters.

The second re�ection pattern (PR2) is characterized by low amplitude, chaotic and totally discontinuous
re�ectors (Fig. 8b), and occurs just below PR1. This re�ection pattern marks the region where the GPR
electromagnetic signal is absorbed by the medium. This absorption must be the effect of attenuation of
the signal by the presence of electrically conductive layers, such as clay, siltstones or sandstones with a
clay matrix.

In addition to these two re�ection patterns, hyperbolic re�ectors related to underground interference
(pipes, ducts, electrical wires, etc., Fig. 8c) are noted in the GPR sections.

The GPR section carried out at Simplício Mendes street shows a deformation in the re�ection pattern
PR1, resulting from the sinking of the land on December 29, 1999 (Fig. 9). This sinking occurs in the GPR
section between positions at 135 and 182 meters, with the center at 160 meters. This anomalous zone is
evidenced by the in�ection of re�ectors.
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The GPR section carried out at Francisco Mendes street shows a deformation in the re�ection pattern
PR1, resulting from the sinking of the land on July 31, 2008 (Fig. 10). This sinking occurs in the GPR
section between positions at 34 and 70 meters, with the center at 53 meters. This anomalous zone is
evidenced by the in�ection of re�ectors.

The results of GPR obtained in the areas with buried cavities indicate the presence of discontinuities in
the GPR re�ectors that can be related to accommodation fractures. With the re�ection patterns
determined for the settlement areas and for the fractures, there were acquisitions of GPR along the main
avenue of the city of Teresina, where there is the highest demographic density of buildings.

The GPR results obtained along some streets in Teresina show re�ection patterns similar to those in
areas with karst dissolution structures (Doolittle et al. 1998; Anchuela et al. 2014; Ronen et al. 2019). In
one of the sections carried out on Paissandu avenue, 3 areas were identi�ed that show typical re�ection
patterns of land settlement areas (sinkholes; Fig. 11), with the presence of discontinuities in the re�ectors
that are related to possible vertical fractures. In these fracture zones there is the leaching of �ne
sediments (clay) and permanence of thicker sediments, which causes an increase in the amplitude of the
re�ectors inside the collapse zones.

Conclusions
GPR investigations carried out on the streets and avenues of Teresina / PI show pedological coverage
and / or land�ll up to a maximum depth of 3 meters and hyperbolic targets related to underground
interference (ducts, plumbing, pipes, etc.).

In places where there is a record of subsidence (Simplício Mendes and Francisco Mendes streets), the
GPR re�ectors are tilted, that is, they stop being horizontal and lean towards the center of the subsidence.
At the ends of these areas, there is also the interruption of the re�ectors, suggesting the rupture of the
geological layers. This pattern is typical of cave undermining.

The results of GPR obtained on the main avenue of the city, where there is a high concentration of
buildings and a higher occurrence of sinkholes, show high amplitude anomalies associated with re�ector
discontinuities. Thus, GPR proved to be an important tool in locating possible areas of land collapse in
the Teresina region, demonstrating an important use of this method as an early warning for sinkholes in
similar areas.

The interpretation of aeromagnetometric data and aerial images (SRTM) showed that the occurrence of
sinkholes was associated with geological lineaments principally in the NW-SE direction, and enhanced
the understanding of the structural framework of the study area.
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Figure 1

Location map of the city of Teresina in Piauí State, highlighting the occurrence of sinkholes in the central
area of the city, as well as the GPR study locations
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Figure 2

a Photo shows the collapse of the terrain caused by percussive drilling on Simplício Mendes street, in
1999. b Photo shows the collapse that occurred on Francisco Mendes street, in 2008 (Pimentel, 2008)

Figure 3
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Geological model proposed for the city of Teresina-PI, which has a history of sinkholes in the central
region of the urban area

Figure 4

Magnetic lineaments interpreted from aeromagnetometric images. a Anomalous Magnetic Field. b
Anomalous Magnetic Field Reduced to the Pole. c First Vertical Derivative of the Anomalous Magnetic
Field. d First Vertical Derivative of the Anomalous Magnetic Field Reduced to the Pole
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Figure 5

Geological map of the city of Teresina with the location of the main geological and magnetic lineaments,
and sinkholes records
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Figure 6

a Locations of the GPR sections in Teresina-PI. b, c and d Photos show the acquisition of GPR data on
the streets of Teresina, PI
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Figure 7

Flow diagram of the GPR data processing sequence
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Figure 8

Details of GPR sections carried out in the urban area of Teresina / PI, where the re�ection patterns (PR1)
related to soils and land�lls are evident (8a); the standard (PR2) related to the GPR signal attenuation
area (conductive zone, 8b); and the hyperbolic re�ectors related to underground interference (pipes, ducts,
etc., 8c).
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Figure 9

GPR section carried out at Simplício Mendes street, Teresina / PI. a Detail of the section showing the
typical re�ection pattern of areas where subsidence occurred. b Same section interpreted. c
Instantaneous frequency section with interpretation. d Geological model obtained with GPR data
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Figure 10

GPR section carried out at Francisco Mendes street, Teresina / PI. a Detail of the section showing the
typical re�ection pattern of areas where subsidence occurred. b Same section interpreted. c
Instantaneous frequency section with interpretation. d Geological model obtained with GPR data
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Figure 11

GPR section acquired in Paissandu avenue, Teresina, PI. a Initial part of the GPR section and satellite
image with its location. Re�ection anomalies related to land settlement areas (sinkholes): Anomalies GPR
patterns in position (b) 150 to 170 meters, (c) 310 to 336 meters, and (d) 860 to 930 meters. d Middle part
of the GPR section and satellite image with its location.


