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Abstract 
The present paper describes the implementation of GPR 3D survey for de-
tecting and delineating possible remains of hydrocarbon plumes on a gas sta-
tion. The 3D-imaging was used for the detection of anomalous zones that 
were analyzed with some relevant signal attributes extracted by digital signal 
processing. These signal attributes or parameters have been the frequency of 
the maximum energy concentration on time-frequency distribution and in-
stantaneous amplitude that could be related to the local response of the elec-
tromagnetic interaction and the presence of hydrocarbon plumes or soil con-
taminated areas. The implementation methodology took place at a gas station 
monitored with a piezometric sensor installation with soil layer information. 
The 3D-imaging of processed data and its slicing tool permits visualizing ex-
pected targets as pipes, tanks and installations in the subsoil exposing the 
anomalous zones for refined analyses. This further processing has used some 
spectral attributes of the signal to assess the real presence of the total petro-
leum hydrocarbons (TPH) providing a new effort to simplify and overcome 
the current state of the geophysical methods able to assess the presence of 
hydrocarbon plumes in industrial environments regarding the time cost of 
the survey and the traceable indication of the spectral shiftment shown in the 
plume volume. 
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1. Introduction 

The soil contamination by combustible and oil products is referred to when 
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undesirable leakage is produced by hydrocarbon spills. These contaminant in-
dustrial components are commonly named by Non-Aquose Phase Liquids 
(NAPL) and it can be distinguished the LNAPL with density lower than the 
water and the DNAPL that are the higher density than the water components. 
The subsoil was established as a dynamic system (Che-Alota et al., 2009) when 
the NAPL has a typical pathway depending on the layers composition and the 
water distribution. It can be formed by the so-called plumes of contaminants 
that can be deposited mainly above the fringe region and move along the per-
meable zone. 

The water table depth and the fringe layer immediately above the water table 
(see Figure 1), where soil has a high concentration of water presence by capillar-
ity, are desirable to be known before starting a remediation process as well as 
main constitutive layers, sand, clays and the bedrock. All above complex confi-
guration affects the movement and transport of contaminants, especially water-
flow on the saturated zone (below water table) and permeability/porosity of the 
unsaturated zone above the water table (Committee on Source Removal of Con-
taminants in the Subsurface, 2004).  

The dynamic nature of the hydrocarbon contaminant plume is presented 
in the followed subsoil model based on (Sneddon et al., 2000; Marcak & 
Gołębiowski, 2008) that it is relevant to understand the kinetic of the hydrocar-
bon flow. 

When a spill occurs, the DNAPL can move mainly by gravity to the bot-
tom layers crossing the water table and continuing its progression to the 
aquifer while LNAPL would move depending on the underground water flow 
and the permeability of the vadose zone. The core of contaminants should be al-
located between capillary fringe and phreatic level even though below this level 
around the aligned leakage point. Also, the seasonal water table changes influ-
ence the hydrocarbon formation and deposition. In fact, the more complex  

 

 
Figure 1. Hydrological model for NAPL diffusion in the contaminated soil. 
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and scientific approach for chemical transportation of these phases could be ex-
tracted from the doctoral research of J. McCallister (McCallister, 1994) involving 
the concepts of: 1) Diffusion of molecules from high to low concentration 
(mainly vapor phases at LNAPL in vadose zone); 2) Advection related with the 
gas phase particles movement caused by the pressure gradient; 3) Regrouping of 
colloidal chains by the effect of negative charged particles; 4) Biodegradation 
process can alter the structure of LNAPL by chemical reaction of some microbial 
organism; 5) volatilization due to the transfer of gas phase of contaminant of 
liquid phase (frequently at hydrocarbons mixtures) to the air phase at the vadose 
zone. 

Due to the organic nature of these contaminants, it is very known that the 
LNAPL presence around the soil changes their electrical conductivity and di-
electric properties (Huling & Weaver, 1991; Sauck, 2000), so that it is a common 
practice to undertake geophysical on-site investigation based on the measure-
ment of these two properties (Subba-Rao & Chandrashekhar, 2014; Werkema et 
al., 2003). Some illustrative research proposed the induced polarization time or 
chargeability as a good indicator of hydrocarbon presence (Tejero & López, 
2013). Other efforts focused on joint both techniques ERT and GPR to verify the 
HTP presence (Hamzah et al., 2008). 

Most geophysical research has revealed that an increase in hydrocarbon con-
centration in soil is directly proportional to the increase in electrical resistivity ε 
and a decrease in dielectric permittivity εr (Durnford et al, 1997) but relatively 
recent research indicates that the changes in conductivity/dielectric are more 
complex than a few intuitive trends on both parameters. 

With any aim to be exhaustive, several authors have reported the increasing of 
the electrical resistivity and decreasing the dielectric of a plume (De Ryck et al., 
1993) however other researchers found opposite trend (Benson et al., 1997). In 
some survey sites, at the vadose zone can be detected regions of low apparent re-
sistivities coincident with attenuated GPR reflections or shadow zones although 
the predominant response of LNAPL concentrations would be the high apparent 
resistivities or low conductivities with bright GPR reflections below the water ta-
ble. In some cases, a GPR reflection layer parallel to water table would delimitate 
the fringe zone. Sauck et al. (Sauck et al., 1998) try to put light on this controver-
sial behavior and established a dynamic soil model that explains the high values of 
conductivity for LNAPL contaminant associated with the dissolved parts in the 
groundwater related with the aerobic biogenic degradation of the hydrocarbons. 
Also, it was observed high resistivities were measured when contaminant spills 
were recent and fresh contaminant has not reacted with the host media. Biodegra-
dation processes introduce changes in the conductivity/dielectric signatures meas-
ured on the affected area. Che-Alota et al. (Che-Alota et al., 2009) describes a 
conceptual model for bulk electrical conductivity of the hydrocarbon mass and 
its changes by biodegradation and mitigation process. Complementary for the 
dielectric response, when the biodegradation process has been started the GPR 
signal attenuation (shadow zones) also can be associated with the increase in 
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electrical conductivity due to biodegradation of hydrocarbons in soil (Srigutomo 
et al., 2016). 

In other words, the light hydrocarbon free product and associated dissolved 
plumes are dynamic systems, with their character changing or evolving in time 
and position within the plume. Therefore, strong recommendations and efforts 
are suggested to researchers to consider long-time monitoring using the geo-
physical techniques and also building some representative set-up of small 
scale-experiment with LNAPL contaminated scenarios in order to gain an im-
proved understanding of the behavior of the electrical and dielectric signal res-
ponses around different soil compositions (Castillo, 2013; Bertolla et al., 2004). 
Doing so, removing hydrocarbon contaminant-mass by natural or forced process 
can be monitored producing tomographies or sections by temporal geophysical 
surveys. 

The final objective of this research is to stablish a testing procedure for oil sta-
tion based on geophysical testing and time-frequency analysis of ground pene-
tration radar exploiting the interaction mechanisms of relaxation between 
LNAPL and electromagnetic wave described in some works of the literature re-
view. 

Similar research has been developed to detect PAHs (Polycyclic Aromatic 
Hydrocarbons) exploiting the information contains in the frequency dependent 
time attributes when the success is clearly reported for the cases of important 
contrast the conductivity and dielectric values of the surrounding area (Chen et 
al., 2012). Other research constitutes precedents in the use of spectral attributes 
as the power spectra from simulated or synthetic traces to detect the presence of 
LNAPL even though when dielectric constant does not permit the detection and 
the use of the instantaneous amplitude or phase was described to get more sensi-
tive to the LNAPL detection (Orlando, 2002) however 3D-survey was not used to 
clearly delimitation of more suitable zones to contain the plume. In this sense, 
the present work shows how the spectral shifment corresponding to the ano-
malous zones located by GPR-3D and its slicing analysis reveals an innovative 
tool to determine the presence of hydrocarbon in the complex subsoil affected 
by natural migration direction and clear watertable level. 

In this paper, the research addressed to find evidence of the spectral response 
changes and some complex signal attributes of the GPR traces that contain soil 
contaminants from the hydrocarbon leakages. The most suitable soil volume af-
fected by plume has been delimited by GPR-3D. The paper was structured in 
different sections, starting with the methodology description and the gas station 
information about existing facilities and piezometric installation for control and 
monitoring the eventual contamination. 

2. Planning and Methodology 
2.1. Site Information and Planning 

The gas station extends an area of 1800 m2 dedicated for production and service 
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activities as offices, shop and hydrocarbon separator, refueling and some other 
parts as parking and access roads. The station has six steel combustible tanks of 
simple wall with vent probes for leakage detection. The total capacity of each 
tank is 30.000 liters and 1 out 6 was not used. Tanks 1, 2 and 3 are located 3.5 
meters in depth orientated to the north and tanks 4, 5 and 6 are located at 4.5 
meters in depth and orientated to the south from the area of refueling jets. 

The refueling zone extends under the metallic roof covering an area of 196.1 
m2 just in the exit of the shop with two main jet machines. In this area since six 
vent pipelines cross from the north to the south supplying the jets located at 0.5 
meters in depth. Other secondary pipelines connect both jet machines around 
0.3 m. in depth. Some other services were pluvial, water suppliers and telecom-
munication mainly in perpendicular direction from the road to the shop and 
some perimeter services as lighting where shallow in the first half meter. Two 
main installations for the combustible separation and storage were at the left 
side (North) and right side (South) distanced about 30 meters from the centered 
point (manhole between jets, see Figure 2). 
It was installed six piezometers to control and monitor the soil contamination 
and periodically is carried out the soil samples characterization and the recupe-
rated water below the water table level. The P-1 and P-2 located at 24.5 and 38.4 
meters at left and right from the referenced manhole were firstly installed. 
However, the main underground water flow is found from north to south (left 
toright in Figure 2). The P-1 controls the area of the tanks 1, 2 and 3 (at the 
South) and in-coming underground water and the P-2 controls eventual spills 
from tanks 4, 5 and 6 (at the North) and the out-coming underground water 
providing some information from vadose zone and from saturated zone. 

The P-3 (30.4 meters), P-4 (23.7 meters), P-5 (13 meters) were located  
 

 
Figure 2. Supplier services, pipelines, piezometers (P-X) and GPR profiles implementation at the gas station car-
tography. 
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around the area of tanks 4, 5, and 6, while the P-6 (15 meters) were installed in 
front to tanks 1, 2 and 3 addressed to the West. It was found some water pres-
ence at the next depth range between the 3.1 meters for P-1 until the 3.60 and 
3.73 meters of the P-2 and P-3 respectively. It is assigned to a fringe zone due 
to the permeable layer of anthropic fillers at this depth. Free water flow can be 
found since from the next layer of vegetal terrain and organic compounds (see 
Figure 3). 

Figure 2 shows a cartographic representation or map of service network at the 
gas station and perimetral pipes and installations. This kind of service can be 
done using radio-detection and GPR combination techniques (Prego et al., 
2017). The services can be rapidly provided by in-situ soil painting or processing 
the information for 2D-map representation. 

The next figure shows the soil composition in depth according to the drill hole 
for piezometric sensor installation. 
The main significant change in depth layers was found between P-5 and P-4. 
The fringe and water table level were set according to the layer composition and 
moisture found at soil sample recuperated. The soil investigation was assessed 
according to the criteria of the standard proposed at the RD9/2005 (2005). The 
reference ground level (NGR) establishes a limit to the TPH concentration of 50 
mg/kg for unacceptable risk and the limit of 100 mg/kg where the authorities 
can declare contaminated soil and propose mitigation procedures for this soil. 
The soil samples were analyzed to determine the heavy or dense TPHs and also 
Benzene, Toluene, Ethylbenzene and Xilenes (BTEX). On the other hand, 
RD1514/2009 (2009) establishes the underground water protection against the 
contaminants and deterioration. 

The soil contamination was analyzed in two phases. One exploratory phase, 
regarding the installed P-1 and P-2. At 0.6 meter in depth, an elevated TPH and 
BTEX concentration over the limit was found. The detailed analysis phase does 

 

 
Figure 3. Stratigraphic composition at the piezometric boreholes. 
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not find any limit exceeded even it was observed some presence of concentration 
levels of BTEX at P-1 below the limits so that it was considered that the only 
source of contaminant presence in the area came from the vent pipeline drilling 
of the gasoil tank placed at left side. Nevertheless, in order to clarify the situation 
a GPR survey to recover some non-intrusive information from the total area has 
been proposed. 

2.2. Used Equipment 

The pipeline network location has been conducted using radiodetection tech-
niques (RD4000RX from SPX©) and depth verification with GPR equipment 
(IDS Himod©). The detection and delineating possible plume contaminants were 
carried out with GPR equipment by using RIS MF processor and dual frequency 
antenna 200 - 600 MHz with a total area of 38 × 43 cm. 

In Table 1 is shown the main parameters of the exploration that are calculated 
according to the conventional formulas that relates resolutions Δν and εhor, signal 
achieved depth z and the wavelength λ (Rial et al., 2007). It is well known that 
the vertical and lateral resolutions of the antenna are related with the wavelength 
λ in the materials. Therefore, assuming a dielectric constant of εr∼8 as an aver-
aged value for that subsoil, both resolutions are the minimum distance for two 
points to be separately observed or discriminated giving the vertical resolution 
by ∆v and the horizontal resolution εhor, as the radius of the shadow cone radia-
tion at a fixed depth z. 

2.3. Implementation Procedure 

The dual frequency antenna permits to collect two datasets centered on the cor-
respondent working frequency at the same time. Doing so, it saves much time of 
survey. It was implemented to grids with perpendiculars straight profiles sepa-
rated 0.5 meters between adjacent profiles. The grid 1 (purple color at Figure 2) 
consists of 55 profiles aligned south to the north and the correspondent perpen-
dicular 170 profiles from West (W) to East (E). The grid 2 (magenta color) 
comprises 61 profiles with Northeast (NE) to Southwest (SW) and the corres-
pondent 9 perpendicular profiles NW-SE (see Figure 2). 

2.4. Signal Processing and Representation. 

It was used the GPR-Slice© software to process the data set combining the grids 
 

Table 1. Vertical and lateral resolution of used antenna for a giving depth z & εr. 

Propagation Parameters (accuracy and depths) 200 MHz 600 MHz 

v∆  (mm) 130 44 

εhor (mm) – z ~ 1 m. 930 760 

Time propagation (ns) 180 80 

Achieved Depth (m) 7.5 3 
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but separately by working frequencies. The processing flow consists of the fol-
lowing steps: 1) Zero-time correction; 2) Background removal; 3) Wave velocity 
estimation (by fitting hyperbolic curve in a known diameter pipeline cross ref-
lection); 4) Bandpass filter + manual gain in depth; 5) Kirchhoff migration; 6) 
Hilbert transform. 

The slicing process consists of the data interpolation of processed signal traces 
and creating a 3D-volumen to assign the interpolated data in the volume when 
ground is reference depth after removing the background echo in the filter stage 
(a). The total scanned area covers 5.379 linear meters, and the accuracy is set to 
7.5 cm. The interpolation depth is 75 cm covering 1.5 time the cell length and 
the interpolation method selected is the krigging that is indicated for geophysical 
purposes. The slices were created using an overlapping 50% and 9 cm of thick-
ness to integrate values. These parameters return a total amount of 87 slices for 
200 MHz and 40 slices for 600 MHz. This procedure was used to produce 2D 
and 3D representation to detect and locate the anomalous zone. 

Some other signal attributes related with the spectral domain as follows: 
1) maximum frequency on the time-frequency (MFQ) transform of some indi-

vidual traces. To obtain the time-frequency representation uses the S-transform 
based on continuous wave transform CWT(t, d) of a giving function h(t), where 
d is a dilation time that control resolution between time and spectra. 

( ) ( ) ( ), ,CWT d h t w t d dtτ τ∞
−∞= ∫ −⋅                 (1) 

where the w(t,τ) is the fundamental decomposition of mother wavelet The 
S-transform is time and frequency domain is defined by the multiplied phase 
factor as it can be found at (Stockwell et al., 1996) 

( ) ( )2, ,i fS t f e W dπ τ τ⋅=                     (2) 

2) the instantaneous amplitude (IAM) is calculated from the analytic signal, 
and it is related with the reflectivity strength, reducing the random appearance 
of the signal in the radargram that it is very convenient on data with several ref-
lections. 

The procedure focuses in analyzing the expected changes in the spectral re-
sponse of the signal traces propagated in some area affected by the presence of 
LNAPL in vadose zone or possible DNAPL in saturated zone. 

3. Results 

This section may be divided by subheadings. It should provide a concise and 
precise description of the experimental results, their interpretation as well as the 
experimental conclusions that can be drawn. 

3.1. Results from the 600 MHz Frequency Survey 

The high frequency at the dual antenna is used for the detection of network 
pipes as supply and sanitation, telecommunications, lighting and vent conduc-
tions. The GPR processed data jointly with the geographic information provides 
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the 2D-slices at different depths. The shorter wavelength λ600M is about the 20 cm 
is able to recuperate the shape of the buried pipes with more accuracy than the 
larger wavelength with an associated λ200M of 48 cm. The installations and the 
contrast of different pavements are also better observed. The right side of tanks 
(1, 2 & 3) were perfectly sized as 6 × 2 × 2.5 m3 ranged between 1 and 3.5 meters 
in depth while the left side of tanks (4, 5 & 6) were rarely sized between 2 and 4.5 
meters in depth. As it goes deeper, the subsoil reflections seem to delineate spe-
cific shapes and leaves the random appearance or noise effect. Although, the 
phreatic is reported between z ~ 3.1 - 3.7 meters in depth, the 2D-slices with 600 
MHz has not been detected as a contact layer but it is showed at processed ra-
dargrams. 

Considering the phreatic level around the 3.6 - 4.3 meters of depth, this fre-
quency permits the observation of the vadose zone. 
The red or hot colors mean the presence of signal returned by reflection and 
diffraction while blue or cool colors indicate no reflection on that part by ab-
sence of dense materials or presence of homogenous materials with low di-
electric contrast. Regarding the 3D-representation in Figure 4, it was detected 
some anomalous zones (A1, A2 and A3) in depth regarding some slices around 
the phreatic level associated to reflexive zones as can be observed at the next 
Figure 5. 

Scrolling the slice representation up and down the area and delineation of this 
 

 
Figure 4. Slices at (a) z ~ 0.5 m; (b) z ~ 1.1 m; (c) combined 2D-representation using 600 MHz at the shallow zones enhanced 
road and pipeline networks. 
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suspected zones are delimited. It was selected a depth cut or slice at z ~ 2.9 m. 
when the three anomalous reflective zones are shown. Also, it was found the 
general descendent slope in some layers especially in the A2 and A3 zones. So, 
the layers move down at the east and slightly to north (bottom and right direc-
tion on the slice respectively). Other kind of representation can be used to clas-
sify the possible nature of the reflections from the anomalous zone. 

3.2. Results from the 200 MHz Frequency Survey 

The Figure 6 shows that the radargrams and consequently the slices extend until 
8 meter in depth for 200 MHz but the signal is attenuated since from z ~ 5.5 meters. 
Yellow indications remark the abrupt descendent contact layer can be seen at A1 
and A2 zones while the A3 has descendent contact that turns into flat and hori-
zontal contact at the right location of the tanks 4, 5 & 6 (marked in purple) 
showing a reflective zone at this area around the 3 meters in depth. 

 

 
Figure 5. Slice at z ~ 2.9 m. using 600 MHz with presence of left tanks numbered 1, 2 and 
3 and the perimetral wall of excavation for tanks numbered 4, 5 and 6. 

 

 
Figure 6. 3D-representation slice and migrated radargramas for 200 MHz with indica-
tions of the identified structures and geological objects. 
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While A1 and A2 show their reflective zones composed by multiple and small 
reflections, the A3 show clear and linear contacts and uniformed reflection so 
that it seems that their nature could be different. 

3.3. Evaluation of Anomalous Zone by the Instantaneous  
Amplitude (IAM) and Time-Frequency Analysis (MFQ) 

From the above representation combing slices and processed radargrams it can 
be selected from the anomalous zones (reflexive or shadow zones) some GPR 
traces to extract the spectral attributes. The large and transversal profiles (from 
North to South) were the so-called grid1-LID20012 and, grid1-LID20019. The 
three shorter and longitudinal profiles were aligned from West to East called by 
grid1-LID20085, grid1-LID20105 and grid1-LID20176. Each profiles crosses 
specific interesting zones. 

The grid1-LID20012 crosses P-4 (12 m.) and the A2 zone, the western and 
shallow part of A3 and the cross the P-6 (45 m.) and the combustible storage in-
stallation at 65 m. The grid1-LID20019 is parallel to the grid-LID20019 crossing 
the A2 zone (6-12 mm) and the tanks numbered 4, 5 and 6, the A3 zone (18 - 22 
m.) and the A1 zone and tanks 1, 2 and 3 (at 46 m.) The longitudinal profiles 
correspond to a A2 (ended 85), A3 (ended 105) and A1 (ended 176). 

Next Figure 7 shows the representation for Instantaneous Amplitude Radar-
gram (a) and the TFD (S-transform) at the length 46 m. for the grid1-LID20019 
transversal profile. The IAM signal attributes permit the area delimitation of the 
possible hydrocarbon plume, the MFQ attribute calculated from the spectral 
shift of the working frequency is the key parameter to discriminate hydrocarbon 
presence or not. Also, the phreatic level is better detected with standard 
processed radargrams. In the longitudinal profiles, the phreatic level and fringe 
associated layer has been detected as a low frequency below the descendent slope 
contacts reported at all anomalous zones in the western part of all areas of the 
gas station. 

The spectral shipment Δf of the MFQ from the referenced central frequency of 
200 MHz (0.2 GHz) has been measured for the zones of interest and located in 
the 2D view plant (Figure 7(c)). It is noticed that the effect of the reflections on 
the industrial installation causes some frequency shift but is randomly depend-
ing on the obliquity of the exposed area, depth and shape of them. Therefore, it 
should be analyzed each by one profile to see if there is a trend on this frequency 
shift or not. The reflectivity area below the descendent contact layer presented at 
A2 does not cause spectral shift of the maximum energy reflected negative 
shiftments. 

According to the red color for the Δf of the MFQ indicates high spectral 
shift (positive values) reported that are compatible with hydrocarbon presence 
especially from the reflective areas. So that, the reflective layers below the des-
cendent slope contact of A2 zone have no evidence of the hydrocarbon presence. 
In fact, it is compatible with some mixed silt and rock layers in the western part 
of A2 zone regarding the pits. The specific zone between low depth of the 
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Figure 7. Instantaneous Amplitude radargram, IAM (a), migrated radargram and TFD with MFQ of the trace grid1-LID20019 (b) 
and the located Δf of the MFQ at (c). 
 

descendent contact layer and phreatic layer in the A3, the spectral attributes are 
compatible of the NAPL presence. The spectral shift values in the A1 reveal an 
area of 12 m2 with some hydrocarbon signatures at the range 3 - 4.5 meters in 
depth aligned with interchange combustible installations. 

This main achievement coming from processing data of GPR survey is par-
tially consistent with the piezo readings when P-1 registers some exceed accept-
able limits of the Xilenes concentration (720 > 440) µg/l. This non-desirable spill 
was caused by occasional breakage of vent pipes that were rapidly repaired. 

4. Conclusion 

The implementation of the on-site procedure based on the GPR survey and sub-
sequently signal processing recorded has been revealed as a promising tool for 
locating and delineating the hydrocarbon plumes according to the founded re-
sponse of the proposed spectral attributes as the IAM and the MFQ and its pa-
rameter of spectral shift Δf from the central frequency of the used antenna. 

Although the best approach is to apply different techniques and contrast with 
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chemical and analytical tests, this work constitutes an example of a single geo-
physical method as it is the GPR that requires the analysis of the various signal 
parameters and representations for the effective location of hydrocarbon plumes 
when migration flow is produced. 

The lay-out of grid profiles permits recover of the interpolated representation 
of processed data using slices and radargrams (2D) and combined sections (3D). 
The reflective and shadow zone would be considered as suspected zones. The 
GPR profiles crossing the abovementioned zones would be analyzed by spectral 
domain variables to distingue which are compatible with hydrocarbon presence 
or not, while IAM radargram computes from migrated radargram are used to 
size the areas in 2D-sections. 

In the studied facility, some HTP remains have been detected in the suspected 
zones of its subsoil near to the tanks numbered 1, 2, 3 and the interchangeable 
installation (A1) shown in Figure 2 and Figure 5 where tanks are conveniently 
located and denoted. Eventually, other HTP remains could be detected over the 
water table level at the A3 zone. The area and values coming from A3 were 
smaller than obtained in the A1 so that it aims to an event of HTP migration 
following the underground waterflow dynamic system that seems to be consis-
tent with the piezo installation readers dedicated to monitoring possible HTP 
leakage presence and movements. 
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