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GROUND-PENETRATING RADAR IMAGING TECHNIQUES APPLIED
IN 3D ENVIRONMENT: EXAMPLE IN INACTIVE DUNES
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ABSTRACT. The increased use of Ground-Penetrating Radar (GPR) in several areas of knowledge has introduced an impressive number of new methodological
procedures, adapted from other areas, such as seismic reflection, or developed specifically for the GPR. A summary of the advances in acquisition, processing and
interpretation of GPR data is presented in this paper. Some of the techniques were applied to a 3D GPR survey in a study area, whose substrate is composed by
sedimentary sequences of paleodunes or inactive dunes, located in the outer courtyard of the Department of Geology (DEGEO) of the Universidade Federal do Rio Grande
do Norte (UFRN), Brazil. A GPR cube was generated from a regular grid of GPR in-lines and cross-lines, spaced 0.5 m. A filtering routine was applied. For each
processing step, the changes in the signal content in the time and frequency domains were analyzed. Common midpoint (CMP) sections and hyperbolas of buried pipes
constrained the construction of a subsurface velocity model, allowing the migration and time/depth conversion of the radargrams. Analysis of instantaneous, amplitude,
and geometrical attributes and concepts of seismic stratigraphy were applied in the migrated GPR cube to define five stratigraphic sequences and their paleo-reliefs.
Based on the radar facies internal geometry, some considerations were established about the depositional environment of the surveyed area.
Keywords: GPR, 3D imaging, processing, attribute analysis.

RESUMO. A expansão do uso do GPR nas mais diversas áreas do conhecimento tem contribuı́do para o desenvolvimento de novos procedimentos metodológicos,
decorrentes da adaptação de outros métodos geofı́sicos, principalmente a sı́smica de reflexão, ou desenvolvidos especialmente para o GPR. Uma sı́ntese dos avanços
nas etapas de aquisição, processamento e interpretação é descrita no presente artigo. Algumas das técnicas analisadas foram aplicadas em dados GPR obtidos em um
levantamento realizado segundo uma malha retangular, em uma área de estudo situada no interior do campus da Universidade Federal do Rio Grande do Norte (UFRN).
O substrato imageado é constituı́do por camadas de sedimentos arenosos siliciclásticos, de origem eólica costeira, depositados sobre rochas do Grupo Barreiras.
Um volume GPR foi gerado a partir de uma malha regular de linhas longitudinais e transversais, espaçadas de 0,5 m. Uma rotina de filtragem dos dados GPR é
proposta, sendo as alterações no conteúdo do sinal eletromagnético (EM) analisadas nos domı́nios do tempo e frequência para cada etapa do processamento. Seções
de ponto médio comum (CMP) e hipérboles de tubulações soterradas permitiram a confecção de um modelo de velocidades da subsuperfı́cie e a migração e conversão
tempo/profundidade dos radargramas. Análise de atributos instantâneos, de amplitude e geométricos, além de técnicas de interpretação sismoestratigráficas foram
aplicadas no volume GPR migrado para definir cinco sequências estratigráficas e seus paleorelevos. Com base nas geometrias internas das radarfácies, foram tecidas
algumas considerações sobre a geometria e arquitetura dos depósitos investigados.
Palavras-chave: GPR, imageamento 3D, processamento, análise de atributos.
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APPLICATION OF ADVANCED TECHNIQUES IN 3D GPR SURVEY

INTRODUCTION
In recent decades, the Ground-Penetrating Radar (GPR) has been
acclaimed as one of the most important geophysical imaging techniques of the shallow subsurface, to a few tens of meters, in
the areas of Geosciences, Engineering, Archaeology and Forensic Sciences (Jol, 2009). The popularization of this geophysical
method through theoretical (Davis & Annan, 1989; Annan, 1996;
Roberts & Daniels, 1996), experimental (Redman et al., 1994; Lai
et al., 2006) and case studies (Rossetti et al., 2001; De Castro
& Castelo Branco, 2003; Forte et al., 2012) has caused a rapid
and concomitant progress in the areas of acquisition, processing
and interpretation of GPR data. Acquisition techniques has advanced greatly with more efficient generation of the transmitted
electromagnetic signal and its digital sampling, improved shielding of the antennas against ambient noise and increased number
of available antennas operating on different EM pulses frequencies. More portable systems, coupled with odometers, GPS and
total stations (Böniger & Tronicke, 2010), allow more accurate
spatial positioning of each GPR trace, which provides both high
precision three-dimensional surveys and surveys covering larger
areas, with GPR being installed in vehicles and vessels (Souza et
al., 2002; Lahouar & Al-Qadi, 2008).
The GPR data digital processing techniques have developed
greatly in the last 15-20 years (Jol, 2009). In fact, one can easily see that a large proportion of papers published until the mid2000s (e.g., Davis & Annan, 1989; Pereira et al., 2003) presents
GPR data with little or no processing beyond the traditional dewow
filter for attenuation of low-frequency noise associated with electromagnetic induction (Annan, 1996), band-pass filters to eliminate noise outside the GPR signal frequency bandwidth, and some
gain functions like Automatic Gain Control (AGC) and Time Varying Gain (TVG) to equalize the amplitudes of the deeper reflections. Studies by Hollender & Tillard (1998) and Xavier Neto &
Medeiros (2006) analyzed in detail the contents of the GPR signal and proposed more sophisticated procedures to improve the
signal/noise ratio, especially in situations unfavorable for GPR
use regarding subsurface material composition and its structural
complexity. Concepts such as “good quality GPR data are the
ones that require no processing” were replaced by the concept
that information from buried targets can still be extracted from
noisy GPR data using advanced processing approaches, thereby
extending the GPR operating limits.
In terms of visualization and interpretation of GPR sections,
commercial or public domain softwares currently offer high-resolution radargrams, with numerous choices of color palettes and
visualization features in 3D environment. Incorporation of GPR

signal attributes analysis (Böniger & Tronicke, 2010; Forte et al.,
2012), techniques to trace reflectors in a semi-automatic or automatic way and obtain three-dimensional horizons, and generation
of synthetic radargrams (Carcione et al., 2000; Cassidy, 2007)
have made the geometric interpretation of deposits and strata
with time line features less dependent on subjective decisions
on the part of the data interpreter, based on a mental database of
past examples (Chopra & Marfurt, 2005). Additionally, the development of new computational algorithms has enabled the correlation of specific GPR signal characteristics with petrophysical properties of the investigated materials. For example, techniques such as Amplitude vs. Offset (AVO) can aid the imaging of
porosity and saturation in interstitial fluids in subsurface (Deeds
& Bradford, 2002).
This study discusses the advantages and limitations of the
application of GPR data acquisition, processing and interpretation techniques, developed in recent years. Such procedures are
applied in a test area, whose GPR signature of sedimentary strata
allows assessments of their contributions to subsurface imaging.
Regarding the geophysical acquisition methodological procedures, a proposal for a GPR survey over a regular grid of parallel
lines oriented in two orthogonal directions is presented. Thus, the
strong tendency of the reflectors to stretch in the direction orthogonal to the survey lines raised in a single direction is greatly attenuated, generating more realistic 3D GPR volumes. For the data
processing step, some already established routines are tested by
analyzing the changes in the content of the geophysical signal in
the time and frequency domains and their results in the final GPR
sections. In the radargrams interpretation phase, statistical and
mathematical attributes are applied in order to highlight specific
features of the imaged strata, making the interpretation process
less subjective. Finally, the use of seismic sections interpretation
techniques applied in a 3D virtual environment allows mapping
the depositional architecture and its bounding surfaces, in order
to parameterize the current sedimentary deposits or in outcrops
considered analogous to aquifers and/or petroleum reservoirs.
3D GPR ACQUISITION
Proper imaging of the subsurface depends mainly on the quality of the GPR system, the right choice of antennas (frequency of
the transmitted signal), the data acquisition parameter configuration, the electrical properties of the medium, external interference
(electrical wires, fences, metal pipes, etc.), the study area accessibility conditions and the spatial distribution of GPR data over the
target(s). After all operational aspects of the acquisition of GPR
profiles are optimized, one must consider that 3D surveys provide
Revista Brasileira de Geofı́sica, Vol. 32(2), 2014
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not only better conditions to identify the investigated targets, but
also allow mapping their internal three-dimensional geometries.
Daniels et al. (1997) generically described a 3D GPR survey
as an acquisition of parallel GPR lines separated by distances not
much greater than half the wavelength of the transmitted EM signal. Even today, in most surveys considered as 3D, the GPR profiles are acquired along parallel lines in a single direction (e.g.,
Negri et al., 2008; Kadioglu, 2008; Hermozilha et al., 2010). However, a problem related to this type of survey, also called pseudo3D survey (Novo et al., 2008), is the presence of reflectors excessively stretched orthogonally to the GPR lines due to subsampling in this direction (aliasing). According to Nyquist criteria
(1928), an appropriate sampling should be greater than a quarter
of the signal wavelength. In the current GPR surveys with 400 MHz
antennas, GPR traces are usually sampled from 0.02 to 0.05 m
along the direction of the GPR sections, while in the perpendicular direction, the data are generally spaced from 0.5 to 1.0 m.
This difference in sampling of more than an order of magnitude is
not properly corrected in generating GPR volumes, even employing the most sophisticated interpolation techniques available in
the current software programs. A simple alternative to overcome
this problem is the acquisition of GPR data in both orthogonal directions. This procedure is ordinarily adopted in seismic reflection surveys, although in the case of GPR, volumes as accurate
as 3D seismic cubes are not expected. This is due to the fact that
EM waves propagate with directional components (Annan et al.,
1975), unlike the spherical seismic waves. In theory, this problem
can be circumvented by maintaining the same orientation of the
antennas when surveying both longitudinal and transverse lines,
usually in the direction perpendicular to the Ey polarization component of the electric field (Versteeg, 1996).
Grasmueck et al. (2005) proposed a higher line density to
generate high-resolution 3D GPR imaging. Based on theoretical
and practical analysis of the GPR signal, these authors believe
that a spatial sampling of up to 25% of the wavelength in all directions is required for generating 3D volumes without distortion
due to subsampling between GPR lines (aliasing). For 400 MHz
antennas, the recommended spacing of the GPR grid is in the
0.025 to 0.06 m range. Such dense data distribution requires additional operational efforts related to acquisition time, clearing
and leveling of surveyed surface and an accurate planialtimetric positioning system for each GPR line acquired. However, less
dense 3D GPR surveys are preferable for areas with difficult access and/or less complex geological context, and when the study
does not require decimeter accuracy survey, such as this research.
Another important advantage of GPR surveys along longitudinal and transverse lines is the ability to image more precisely
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elongated targets along a preferential direction (faults, tubes,
etc.). Because the preferred directions of buried targets are not
always known in advance, choosing one sole direction for GPR
sections may prove unsuitable. In Figure 1, a buried pipeline with
direction approximately parallel to the X axis of the survey grid
presents a GPR signature in the form of a hyperbola on line 20
(cross-line), while in-line 15 (in-line) a subparallel reflector is
observed. The detection of this pipeline would be unlikely in a
pseudo-3D survey with lines only along the X axis and spaced
0.5 m. In this example, the pipeline could even be misinterpreted
as a sedimentary stratum.
In order to evaluate the increase in the resolution of GPR
volumes, a survey with longitudinal and transverse lines was
performed in a study area located in the outer courtyard of the
Department of Geology (DEGEO) of the Universidade Federal do
Rio Grande do Norte (UFRN) in Natal (Fig. 2). A total of 42 GPR
profiles were acquired along the N-S and E-W directions with
spacing of 0.5 m, forming a square with a side of 10 m. A SIR3000 system with 400 MHz antennas, manufactured by Geophysical Survey Systems Inc. (GSSI) was used to acquire the GPR
traces, spaced every 0.02 m. Each GPR trace contains 512 samples, distributed in a time window of 100 ns. The distances between the lines were obtained with an odometer and GPR lines
were marked on the ground with stakes. Topographical variations were not measured since the terrain is mostly flat. Additionally, two common midpoint (CMP) sections were performed
with 80 MHz bistatic antennas for velocity analysis of EM waves
in the directions of the GPR lines (Fig. 2). The initial spacing of
the antennas was 1.0 m, moving 0.2 m further apart for each new
reading reaching maximum spacing of the order of 35 m.
From the geological point of view, this area is located on the
Rio Grande do Norte coastal region and the imaged deposits correspond to aeolian paleodunes, set by the vegetation and situated
within the SW edge of Parque das Dunas in Natal. According to
Angelim (2006), in Rio Grande do Norte State, the coastal aeolian
deposits of paleodunes consist of fine to medium, well selected,
mature, whitish sands, with grain fall structures and low-angle
cross-stratification. They form barchan, parabolic and barchanoid
dunes, which represent the dunes and interdunes facies of the
coastal plain. According to morphological criteria, Barreto et al.
(2004) distinguish the inactive dunes in simple and compound
parabolic, with sharp or tenuous forms, typically with vegetation.
The study site lies on the boundary between these two types, with
flat relief and thin vegetation cover. The contribution of Barreiras
Formation as source rock for the dunes in the region must have
varied in direct relation to its degree of exposure and dissection
(Barreto et al., 2004).
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Figure 1 – GPR signal of a buried pipeline (green arrows), observed along the In-line 20 (S→N) and Cross-line 15 (W→E).

PROCESSING AND VELOCITY ANALYSIS
The GPR signal acquired by the receiving antenna can be described by a convolution of a series of time functions, each representing the response of the physical medium to each of the GPR
system components, resulting in the reflections observed in the
radargrams (Daniels, 2008). Various noise sources are added to
this signal, which still undergoes attenuation as a result of absorption, scattering and spherical divergence in the subsurface (Xavier
Neto & Medeiros, 2006). Thus, the processing step should promote the attenuation of the GPR signal contents that are not directly related to variations in electromagnetic impedance of the
subsurface and correct the effects of signal attenuation with depth.
Despite the consensus on the need to apply a basic processing series, the use of more advanced techniques is quite controversial and guided by subjective aspects such as the personal
opinion of the interpreter, his experience and training, as well
as the nature of the data and target characteristics. According to
Daniels (2008), the main objective of the GPR signal processing is to produce an image that can actually be interpreted by the
professional in charge or identify a response of a target with respect to a known test procedure or a synthetic model. Thus, the
GPR processing can be considered as a sequential application of
mathematical operators, subjectively directed by the interpreter to
produce a GPR section as close as possible to the EM signal one
expects to find in the subsurface (Cassidy, 2009). However, several authors (e.g., Hollender & Tillard, 1998; Young & Sun, 1999;
Xavier Neto & Medeiros, 2006; Daniels, 2007) analyzed the contents of the GPR signal in the time and frequency domains to pro-

pose processing sequences based on the characteristics, properties and physical phenomena of the EM pulses and the dielectric medium through which they propagate. The theoretical understanding of the effect of each filter on the GPR data contributes to
diminish the purely subjective choice of processing techniques.
The basic steps proposed by these and other authors were
applied to GPR data collected in the study area. The results are
presented and discussed in the light of the changes in the content of the filtered signal (Fig. 3). In addition, a Kirchoff type migration was applied to the GPR sections to collapse the diffractions generated by underground pipelines and correct positioning of reflectors, especially those tilted. Processing normally begins with zero time correction of the GPR lines to adjust the first
reflection at the ground surface. Variations in arrival time of direct waves due to thermal drift, electronic instability, differences
in cable length, among other disturbances generated in antennas,
can also be eliminated at this stage (Cassidy, 2009). A constant
value of 9.2 ns was subtracted from all GPR survey lines without
changing the signal amplitude spectrum (Figs. 3A and 3B).
In GPR surveys using GSSI instruments, an extra processing
step is required to remove the gain occurred during the acquisition of the GPR data. In this case, a filter is used on each line
independently, which applies an inverse gain function to the values stored in the raw data file header. As a result, one obtains the
original amplitudes of the reflections without the amplification of
the time variant introduced during the survey. This step is important to standardize the data of different GPR sections, especially
if these were acquired with different gain functions, as well as to
Revista Brasileira de Geofı́sica, Vol. 32(2), 2014
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Figure 2 – Location of the study area on the outdoor patio of the Departamento de Geologia (DEGEO)
of the Universidade Federal do Rio Grande do Norte (UFRN) and spatial distribution of the GPR lines.
The GPR sections were acquired in zigzag mode.

utilize the real amplitudes of the reflections. After applying this
filter (Line 2 – Figs. 3A and 3D), the amplitudes of the first reflectors become much larger than those of the deeper reflectors,
highlighting the strong signal attenuation with depth. The signal
spectrum amplitude becomes quite smooth after the removal of
the gain function, with an approximately Gaussian distribution
centered around 250 MHz (Fig. 3D). This frequency lies offset
from the main frequency of 400 MHz of the antennas employed
in the survey.
This GPR signal displacement in the frequency domain results
from a severe temporal stretch of the propagated pulse due to its
dispersion in the dielectric medium, as explained by Bano (1996).
Xavier Neto & Medeiros (2006) present a methodological procedure to correct this attenuation effect based on gain functions and
spectral balancing, as will be discussed later.

The GPR trace shows a low-frequency content (wow) caused
by EM saturation of the received signal due to the arrivals of direct
waves, and the effects of the antenna’s inductive coupling (Annan,
1996). For proper correction of this inherent and non-linear EM
interference a high-pass or optimized median filter, called dewow,
is employed. An average value is calculated for each record of
each trace, adopting a temporal window of about a main period of
the EM wave. This mean value is then subtracted from the center
value. In the study area, this low-frequency noise is concentrated
up to 40 MHz (Fig. 3D). For its removal, a dewow filter with a 4 ns
time window was applied, with very satisfactory results from the
spectral point of view (Fig. 3E). Analyzing Figure 4, which shows
a comparison between the raw and filtered traces in the time domain, we find only a slightly more pronounced difference between
the initial and final times of the GPR signal. Although subtle in the
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Figure 3 – Variations in the GPR signal in the time (A) and frequency (B to I) domains for each stage of data processing. Trace 0
represents the raw data and the other traces the seven processing steps described in the text. Note that the scales of the vertical axis
(amplitudes) were not fully normalized to highlight the variations of the signal amplitude spectrum at different processing stages.

study area radargrams, the wow effect can be critical in situations
with low signal/noise ratio.
The electromagnetic induction between the antennas corresponds to a direct electromagnetic wave propagated through the
air with little attenuation, generating amplitudes well above the
reflections in the subsurface (traces 2 and 3 – Figs. 3A, 3D
and 3E). This phenomenon occurs at the same time when the

bedrock reflections arrive at the receiving antenna. The result
of this superposition of signals is a high amplitude saturation
that conceals mostly the shallower reflectors (Xavier Neto, 2006).
The correction of the EM induction effect, suppressing the direct
waves and removing background noise, is performed by subtracting from each trace the average of all traces of the GPR section
(Cassidy, 2009). This process, known as background removal or
Revista Brasileira de Geofı́sica, Vol. 32(2), 2014
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DE CASTRO DL, REIS JÚNIOR JA, TEIXEIRA WLE, SILVA VA & LIMA FILHO FP

i

279

Figure 4 – Comparison between an original and corrected GPR trace with dewow filter (A) and the difference between them (B).

subtracting average, also attenuates horizontal and periodical reflections (ringing) due to the strong coupling between the antennas and the ground and horizontal reverberations of the more superficial layers. This coherent noise occurs most intensely in conductive and dispersive media and can conceal the deeper reflectors, imposing plane-parallel reflections with strong amplitudes
on the GPR signal. After applying this filter, the reflections of the
direct waves are being suppressed (compare traces 3 and 4 –
Figs. 3E and 3F) and the amplitudes in the frequency domain are
reduced by a factor of about 4 (Fig. 3F). The GPR signal was more
centered at about the 300 MHz frequency, with the content below
100 MHz considerably attenuated.
The next step consists of filtering the GPR data to attenuate system or cultural noise, highlight particular aspects of the
data, such as plane-parallel reflectors or diffractions, and improve
the visual quality and interpretation of the radargrams (Cassidy,
2009). The simple bandpass filters are very efficient for removing noise from low and high frequencies, while more sophisticated filters, such as 2D filters, which operate simultaneously in
time and space, are applied specifically to problems such as excessive ringing or impulsive noise, among others (Annan, 1999).
Because the data acquired in the study area had little noise, we
chose to apply a trapezoidal bandpass filter to eliminate the signal content outside the region extending symmetrically from the
center frequency of the antennas, and having a bandwidth equal to
at least 1.5 times this value, as suggested by Cassidy (2009). The
bandpass filter, which generated even less noisy GPR sections,
had the cutoff bands set at 100-200 MHz and 800-900 MHz for
the low and high frequencies, respectively (Fig. 3G).
Using the gain function is essential to reconstruct the amplitudes of the deeper reflectors strongly attenuated by absorption, dispersion, and spherical divergence of the EM pulse during

propagation in a dielectric medium (Annan, 1996). These functions use a multiplier factor for successive regions, or time windows, of the trace. The most common are spherical and exponential corrections (geometrical spreading correction – SEC or energy decay; Yilmaz, 2008), automatic gain control (AGC) and constant, linear or exponential mathematical operators. However, implementation of these functions not only changes the relative amplitudes of the reflections, but also the spectral content of the data
(Figs. 3C and 3D). Therefore, Cassidy (2009) recommends using
gain functions only after data filtering, and before, only when the
effects of the gain on the spectral content of the signal are fully
understood since this is a non-linear process (Annan, 1999).
The gain function chosen was the SEC. According to Xavier
Neto (2006), this filter operates on GPR data by applying a linear gain function to correct the effect of decreasing energy with
distance from the source (geometrical spreading), and an exponential gain function, which offsets the effect of amplitude loss
by absorption. SEC retains information on the relative amplitudes
both in time and space, which is important for detailed interpretation of the radargrams. Trace 6 of Figures 3A and 3H represents the filtered data after applying the gain function. The amplitudes were quite amplified by keeping some consistency with
the original amplitude (Traces 0 and 1). The amplitude spectrum
of the GPR signal after the gain ranges from 150 to 600 MHz,
peaking at 325 MHz (Fig. 3H).
Since the next processing step, migration of GPR sections,
requires knowledge of the EM waves propagation velocities, an
analysis was performed on sections of common offset, based
on the adjustment of hyperbolas generated by diffraction on a
pipeline in the study area (Fig. 1), and two common midpoint
(CMP) sections through the velocities spectrum (semblance). In
the case of diffraction hyperbolas, a theoretical hyperbola is fitted
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to each diffraction in the radargram. As the shape of the hyperbola
depends on the propagation velocity of EM waves in the medium,
it is possible to obtain such velocities interactively directly from
the radargram. The length and the radius of the theoretical hyperbola are modified graphically in the radargrams for better overlap
with the diffraction hyperbolas. The 21 longitudinal GPR survey
lines intersect perpendicularly the aforementioned pipeline, which
allowed observing velocity variations from 0.13 to 0.14 m/s along
the area for a travel time of about 9.5 ns.
In the CMP sections, the velocity spectrum relative to the EM
pulse travel time describes the variations of the coherence factor at each point of the time/velocity matrix, which is calculated
by the sum of the cross-correlation of the normalized reflections
energies (Yilmaz, 2008). The peaks in the contoured coherence
factor values correspond to velocities that match a particular time
in which a reflection phase of the CMP section occurs (Keary et
al., 2009). The final result is a 1D velocity model for one CMP,
or 2D for a set of CMPs, of the layers in subsurface used for the
time/depth conversion and GPR sections migration.
The two CMP sections were perpendicular to each other and
parallel to the longitudinal and transverse lines of the 3D survey
(Fig. 2). Bi-static, 80 MHz antennas were used to acquire the GPR
traces, spaced 20 cm apart in a time window of 250 ns (Fig. 5A).
The distance between the antennas (offset) ranged from 1.0 to
38.2 m (CMP 1) and 32.6 m (CMP 2). The dewow filter and the
spherical and exponential correction (SEC) were applied to the
data to eliminate the effect of EM induction of the antennas and
the GPR signal attenuation with depth, respectively.
The CMP velocity spectra show coherence factor peaks ranging from 0.12 to 0.17 m/ns (Fig. 5B). Between the times of 80
and 110 ns and 145 and 170 ns, the CMP 1 shows two bands
with a velocity exceeding 0.17 m/ns, missing in the CMP 2. Although these differences are incipient, interval velocity curves
appear, in principle, conflicting in the deeper portions (Fig. 5C).
In the first 2.7 m deep, lies the most superficial layer with a velocity of about 0.155 m/ns at both CMP sections. Although this value
is slightly higher than those obtained by analysis of hyperbolas
(0.13 to 0.14 m/ns), results are considered consistent. According
to Cassidy (2009), CMP and hyperbolas analysis techniques tend
to produce approximate velocity values with errors and variance
above 10%, which is compatible with the maximum difference of
0.025 m/ns between the two velocity analysis techniques obtained
in the study area.
Below the depth of 2.7 m, in CMP 1 the interval velocity increases to 0.17 m/ns until a depth of 8.2 m, and to 0.175 m/ns
after that, while in CMP 2 velocity drops to 0.12 m/ns, returning

to 0.173 m/ns below 9.1 m. Such differences may be attributed
to a combination of the following factors: a) asymmetry in the
propagation of EM waves in dielectric medium since the CMP
sections were surveyed with antennas positioned in orthogonal directions; b) lateral heterogeneities of the bedrock, both in
composition and sheet dipping; and c) centimeter variations of
topography, not corrected in this survey.
The interval velocity curves (Fig. 5C) served as a basis to generate a 1D velocity model of the subsurface and to promote the
migration of GPR sections and the time/depth conversion. This
processing step eliminates diffractions and corrects the position
in depth of the reflectors, especially the more inclined (Yilmaz,
2008). The Kirchhoff migration method was chosen because it
offered the best collapse of diffractions in migrated radargrams
with respect to other migration techniques tested (diffraction
stack, f-k and finite difference). The Kirchhoff migration is based
on the integral solution of the wave equation. A weighted sum
for each point of the profile is carried out on a theoretically calculated hyperbola for a preset bandwidth. This spatial window
represents the number of traces to be summed (Yilmaz, 2008).
A spatial window of 50 traces was the best fit to the observed
diffractions in the study area (Fig. 1), considering both sides of
hyperbola.
Trace 7 of Figures 3A and 3I represents the filtered data after application of Kirchhoff migration. The amplitudes were quite
amplified, while still maintaining some consistency with the original ones (compare traces 1 and 6). Like for the non-migrated data,
the amplitude spectrum of the migrated GPR signal also concentrates in the 150 to 600 MHz range (Fig. 3H). However, the peak
is shifted from 325 to 440 MHz. This frequency is closer to the
center frequency of the antennas (400 MHz). In addition, another
peak appears at 900 MHz as an undesirable byproduct of migration. This peak could be easily removed by applying a low-pass
filter. However, as the migrated radargrams already have a good
resolution; application of another processing step was considered
unnecessary.
A comparison of the GPR data before and after the application of filters is shown in Figure 6. The GPR section was corrected
to zero time; EM induction and signal attenuation were corrected
with depth. Direct waves and background effects were removed,
as well as low and high frequency noise. The gain function optimized the amplitude equalization in the radargram, especially for
the uppermost reflectors of the GPR sections (up to 4 m deep).
Finally, migration allowed collapsing of diffractions, repositioning of reflectors, especially the most tilted, and executing time
depth conversion.
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Figure 5 – Velocity analysis of the two CMP sections in the study area (Fig. 2). (A) CMP 1 (top) and CMP 2 (bottom);
(B) Spectra of velocity vs. time (semblance); and (C) Velocity models of the investigated subsurface.

Figure 6 – Original (A) and processed (B) GPR section of the In-line 20.
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ATTRIBUTES ANALYSIS
According to Chopra & Marfurt (2005), a seismic or, as in our
case, a GPR attribute, is a quantitative measure of a geophysical
characteristic of interest. Attributes analysis has been integrated
into seismic interpretation since the 1930s and more recently into
GPR interpretation (Cassidy, 2009). Currently, there are over 50
types of seismic attributes used for the interpretation of geological structures, stratigraphy and petrophysical properties of rocks,
and interstitial fluids (Chopra & Marfurt, 2005). Many of these
attributes have been applied to GPR data directly (Senechal et al.,
2000; Corbeanu et al., 2002, among others), or adapted to the
specific characteristics of the EM waves propagation (Böniger &
Tronicke, 2010; Forte et al., 2012).
The analysis of attributes becomes even more important
considering that the dynamic range of the data produced on a
monitor screen is approximately 10 to 20 dB, whereas the dynamic
range of a GPR system is at least 60 dB (Cassidy, 2009). In other
words, only 20 to 30% of the information contained in the radargrams can be displayed on the monitor. Additional information
about specific features of the studied substrate, which is contained
in the GPR data, can be extracted by calculating attributes of the
signal. However, the simultaneous use of multiple attributes can
lead to interpretations unfounded by the reality of the investigated
environment. Chopra & Marfurt (2005) and Barnes (2007) warn
of the preferential use of those attributes that are associated with
investigated physical properties and features of the study area.
One of the most basic attribute sets is obtained by the complex trace analysis. The seismic trace or, as in our case, the GPR
signal can be treated as a complex function, and provide through
Hilbert transform instantaneousaneous attributes such as amplitude, phase, frequency, among others (Taner et al., 1979).
Instantaneous Amplitude is sensitive to changes in acoustic
or EM impedance and, therefore, to changes in lithology, porosity, interstitial fluid presence and thin layer identification (Chopra
& Marfurt, 2005). Instantaneous Phase allows tracking reflector
continuity and, therefore, is useful for the detection of unconformities, faults and lateral changes in stratigraphy. Instantaneous
Frequency and Bandwidth are employed in the identification of
abnormal attenuations and very thin stratifications.
Figure 7 shows complex trace analysis applied to In-line 13
(Fig. 2). The four horizons traced in the radargrams separate five
GPR sequences interpreted based on seismic stratigraphy concepts, like reflections terminations (onlaps, downlaps, etc.), and
on their geophysical signatures for the various attributes. These
sequences will be described later. In general, the Instantaneous
Amplitude attribute has highs aligned near the upper limits of the

GPR sequences (Fig. 7C). The Instantaneous Phase attribute, on
the other hand, emphasizes reflections continuities, highlighting
their endings, like for example onlaps on Horizon H3 (Fig. 7D).
The four horizons were traced on the radargram of this attribute.
Finally, the responses of Instantaneous Frequency and Bandwidth
attributes appear quite similar, with thin and elongated anomalies, whose concentration decreases with depth (Figs. 7E and 7F).
Some of these anomalies are coincident with onlaps on horizons
H1 and H3, facilitating their delimitation.
Another class of attributes is more directly related to the
amplitude of reflections. The amplitude variations in GPR traces
represent the classical basis of radargram interpretation (Forte et
al., 2012). The amplitude interval has a more or less symmetrical
oscillation around zero and depends on the medium impedance
contrasts, depth of the reflectors, and distance between the transmitting and receiving antennas. Several attributes can be calculated from the amplitude values, such as Energy, Amplitude Variance, Hilbert Factor, among others. The Energy Attribute is defined as the measure of the reflectivity of the signal or the ratio
of the squared sum of the amplitudes over the number of samples in a specific time window, with length close to the period of
the signal’s dominant frequency. This attribute is useful to highlight reflectors with low and/or irregular amplitudes, as well as
to distinguish sequences with different impedance contrasts. In
the study area, the 0.02 m interval was enough to cover the entire wavelength of individual reflections. High energy defines well
the horizons H2 and H3 in the southern part of the GPR section,
just like a zone of low energies allow delimiting Sequence 3 at its
northern portion (Fig. 8G).
Amplitude Variance can be defined as the ratio of the reflection magnitude normalized by the average reflection magnitude.
For a given time window, this attribute has a similar response
to the Energy Attribute, being, however, less sensitive to lateral
discontinuities such as fractures and faults (Barnes, 2007). This
difference can be observed at the position close to 6.4 m and
depths from 3.5 to 5.0 m (arrows in Fig. 8) where the Energy Attribute highlights a lateral subvertical discontinuity, barely visible in the Amplitude Variance Attribute (Figs. 8G and 8H, respectively). Some tilted reflectors in the northern portion of Sequence
5 are not well represented on the Amplitude Variance Attribute,
denoting that this attribute is not the most suitable for the identification of inclined features in geological situations similar to
those found in the study area.
The Hilbert transform serves not only as a starting point for
the complex trace analysis, but also as seismic or GPR attribute
(Chopra & Marfurt, 2005). This attribute, known as the Hilbert
Revista Brasileira de Geofı́sica, Vol. 32(2), 2014
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Figure 7 – Complex trace analysis of the processed (A) and interpreted (B) GPR section of In-line 13 (S→N). Instantaneous
Attributes: C – Amplitude; D – Phase; E – Frequency; F – Bandwidth. The table of colors in (A) is valid for all radargrams.

Figure 8 – Amplitude attributes of In-line 13 (S→N). G – Energy; H – Amplitude Variance; I – Hilbert Factor; J – Amplitude
Variance of Hilbert Factor. The table of colors in (G) is valid for all radargrams.

Factor, provides the magnitude of the geophysical signal from
the detection of the reflections envelope. Its direct application in
processed GPR data shows subtle differences (Figs. 7A and 8I).
However, when applied on the Amplitude Variance Attribute it
generates an aspect of self-relief in the radargram, enhancing re-

flectors with high amplitudes like the horizons H2 and H3 in the
southern portion of the GPR section (Fig. 8J).
The geometrical aspects of the reflections are highlighted by
another attribute class. According to Taner (2001), the objective
of geometric or directional attributes is to show the geometric
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characteristics of the seismic data, especially dips and undulations of beddings and stratigraphic and structural discontinuities.
The main attributes of this category, discussed in this paper are
Azimuth, Dip and Similarity. However, before applying these operators a steering cube is commonly generated, which calculates
the local azimuth and dip values of the seismic or GPR reflectors
for each trace sample (dGB Earth Sciences, 2011). By recognizing
and following inclined reflectors, this cube produces results with
better resolution for the application of structurally oriented filters
(dip-steered median) and multi-trace attributes, obtaining input
parameters optimized over the reflectors (dip-steered similarity),
and calculating some compound attributes like Dip & Azimuth, 3D
curvature and Dip Variance.
The Azimuth and Dip attributes are, respectively, direction
and magnitude parameters of the time gradient vector, starting
from a reference point and calculated for each sample of an interpreted horizon (Dalley et al., 1989). The calculations are performed based on a reference plane which includes the GPR reflections from adjacent traces and focuses the calculated values
in the reflection of the central trace. Similarity is a measure of
distance that quantifies the similarity of two data vectors (de Rooij
& Tingdahl, 2002). It is a multi-trace attribute that returns the
similarity properties trace by trace.
Figure 9 illustrates the directional volume and the results of
directional attributes for the In-line 13. Although important lateral discontinuities or strongly tilted reflectors do not occur in
the study area, it can be seen that some features are highlighted
by these attributes. An increase in the anomalies frequency oc-

curs from bottom to top, like in the Frequency and Bandwidth
attributes (Figs. 7E and 7F). Between the horizons H2 and H3 and
at the base of Sequence 4, these features are flatter and dip anomalies decrease. In this sequence, the GPR reflectors are subparallel
and horizontal (Fig. 7). Inclined reflectors present in the northern
portion of Sequence 5, can be recognized in directional attributes,
even with their low expression radargram signatures (Fig. 9).
Finally, the lateral subvertical discontinuity observed in the original radargram and Energy Attribute (Figs. 7 and 8), is subtly
present in the Dip and Similarity Attributes (Figs. 9M and 9N),
deemed unrepresentative in the local stratigraphy.
3D INTERPRETATION
The four traced reflectors in each GPR section were interpolated
to generate 3D horizons (Fig. 10), which mark aeolian dunes
reactivation and correspond to third-order bounding surfaces,
defined by Brookfield (1977). These boundaries are marked by
sheets of heavy minerals. To correctly interpret the geologically
significant reflectors in radargrams, recognizing the nature of
aeolian strata, one needs to know the angle between the directions of GPR lines (NS and EW) and the dune field migration
(NW-SE). Cuts perpendicular to the direction of transport generate more horizontal features (lower angle apparent dip), while
cross sections show real dips.
H1 and H2 horizons define, respectively, the bottom and top
of the lower stratum, characterized by a flat lower and an undulated upper surface. Horizon H1 (Fig. 10C) occurs between depths
of 4.65 and 5.2 m, uplifting in the east-central portion of the area.

Figure 9 – Directional attributes of In-line 13 (S→N). K – Steering; L – Azimuth; M – Dip; N – Similarity. The table of colors in (K) is
valid for radargrams in (L) and (M).
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Figure 10 – Mapping of the main horizons traced on two perpendicular GPR sections (A) and interpolated for the entire study area (B). In the other 3D
environments, each horizon is highlighted with depth isovalue lines (C to F).

In turn, the overlying Horizon H2 (Fig. 10D) marks the upper limit
of this stratum whose thickness increases westward. Horizon H3
(Fig. 10E) filled the accommodation space provided by the top of
Sequence 2 with the reflectors onlapping on the lower surface H2.
To the west it is bounded by the underlying horizon, with depths
ranging between 2.1 and 2.9 m. Finally, the boundary surface

which marks horizon H4 (Fig. 10F) in the uppermost portion is
essentially flat with few undulations and a gentle slope towards
SE, showing a variation in depths not exceeding 0.7 m.
Such horizons separate five strata, identified by reflections
terminations patterns, reflectors behavior and their GPR signatures for the calculated attributes. From base to top, Sequence 1
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Figure 11 – Seismic-stratigraphic sections of the study area along the longitudinal (A) and transverse (B) directions.

shows continuous and sub-horizontal reflectors, with gentle SW
dip and rare northward onlaps (Fig. 11). Sequence 2 also consists of plane-parallel sub-horizontal reflectors, with onlaps and
downlaps over local elevations of the basal horizon and apparent truncations at the top. This sequence presents wedge geometry (Fig. 10). Sequence 3 is marked by horizontal reflectors with
westward onlap (Fig. 11). This stratigraphic unit occurs only in
the eastern part of the study area. Sequence 4 consists of subparallel wedge or lenticular reflectors, with SW onlaps. In the upper portion, Sequence 5 shows sloping, wedge and horizontal
reflectors, dipping at low angle to NE, with NW onlaps and NE
downlaps (Fig. 11).
Despite the small size of the surveyed area, some considerations on the nature and the geometry of the deposits, the hierarchy of bounding surfaces, and the sedimentary structures can
be made. This is a deposit of inactive aeolian dunes where 05
strata are present. The depositional surfaces imaged in this survey result from reactivation of aeolian dunes, responding to variations in wind velocity, which can be classified as third order
bounding surfaces, according to the classification of Brookfields
(1977). Because it is an oblique cut to the main direction of the
aeolian transport, the sedimentary structures appear essentially
sub-horizontal or with small dip; their geometry slightly tabular,
sometimes lenticular or wedge, shows the expression of the dunes
in this direction (almost frontal).
Moura et al. (2006) describe radar facies of a coastal aeolian dunes field near Natal, whose EM response is quite similar to
the GPR of the study area. Making a direct analogy with the more
superficial radar facies performed by these authors, GPR sequences of this survey may be considered as deriving from processes of migration of sand bodies of long wavelength, which
happen in the upper portion of the back of the dunes (windward).
Such features reach up to tens of meters, as with the dunes in the
above two cases.

CONCLUSIONS
The application of techniques for acquisition, processing and interpretation of GPR data acquired in two orthogonal directions,
illustrates the advantages of 3D surveys in the detection and
imaging of buried targets and depositional features. The 42 inand cross-lines allowed to generate a much more realistic GPR
volume of three-dimensional behavior of the investigated substrate. Regarding geophysical data processing, a filtering routine was formed based on temporal and spectral analysis of GPR
traces after each application of the computational procedure. The
seven processing stages improved substantially the radargrams
by deleting the signal content from EM induction between antennas and addressing the signal attenuation with depth. A model
of EM waves propagation velocity was obtained from the velocity
analysis in hyperbolas and two CMP data. Based on this model,
the migration of the reflectors and the GPR sections time/depth
conversion were performed.
A series of instantaneous amplitude and geometry attributes
was used to aid in the seismic-stratigraphy interpretation of
the GPR sections. Instantaneous Amplitude, Energy, Amplitude
Variance, and Hilbert Factor Amplitude Variance attributes contributed to distinguish five GPR sequences according to their distinct signatures. While the horizons that separate such sequences
could be more easily traced with the Instantaneous Phase attribute. Terminations of reflections (onlaps, downlaps, etc.) over
such horizons were well highlighted by Instantaneous Frequency
and Instantaneous Bandwidth attributes. Finally, geometric and
Energy attributes highlighted the tilted reflectors and the few discontinuities present in the surveyed area.
The internal geometry of sedimentary strata, obtained in the
GPR volume, can be reconstructed in three-dimensional environment. This spatial information enables understanding the nature
of the imaged deposits, considered here as aeolian dunes, like:
a) the hierarchy of reflectors, interpreted as corresponding to 3rd
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order bounding surfaces; b) sedimentary structures, which in an
oblique cut of the main transport direction appear as low-angle
or horizontal cross-stratification; and c) the geometry of the deposits, where tabular wedge or lens shaped bodies predominate.
These characteristics are typical of aeolian dunes deposits, resulting from sandy bodies’ migration in coastal regions.
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