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the area of the experiment, a rectangular area covered 
with monitoring wells, its largest dimension coinciding with 
the groundwater flow. Figure 1 shows the location of the 
first 7 SW-NE rows of monitoring wells, closer to the hole. 
Each well is a multi-level sampling well that allow the 
collection of water samples at 5 depths ranging from 1 to 
4 m. The materials employed in the wells are PVC and 
polyethylene (Figure 1). KBr was used as a tracer as it is 
not present in any significant amount in groundwater 
(Corseuil et al, 2000). After the spill the hole was filled up 
with soil and the whole area covered with a black plastic 
tarp. 

Eight fixed offset and thirteen CMP profiles were collected 
with a Pulse Ekko 100 in January, just after the first 
geochemical campaign. That was followed by a second 
geophysical campaign in February comprising of more 
CMP profiles and a 3-D VES in the area. All the GPR data 
were collected with 200 MHz antennae, 400 ps sampling 
rate, 32 stack, and 0.1 m spatial sampling with stop-and-
go firing. All GPR profiles are 9 m in length and run along 
NW to SE and SW to NE directions, close to the wells 
seen in Figure 1. 

The CMP profiles in the study area show essentially a 
two-velocity model with 0.09-0.12 m/ns down to 1 m and 
then a lower velocity 0.04 – 0.07 m/ns. A level-run 
(RAMAC 100 MHz borehole antennae, 0.2 m step size) 
done using two wells 20 m apart, 30 m to the west from 
the center of the hole, estimated the velocity from 1 to 4 
m depth as 0.072-0.074 m/ns. We rather accept the 
borehole estimate and adopt the following velocity model: 
0.1 m/ns (0-1 m], 0.07 m/ns (1-4 m].  

In this work we are going to concentrate on a single EW 
fixed offset profile  shown in Figure 1. 

The first geochemical campaign in January 2005 detected 
ethanol and BTEX compounds only in well (3,3), right at 
the center of the hole. In February a second campaign 
detected ethanol and BTEX in wells (3,3) and (4,3) only 
(Corseuil, 2005). Please refer to Figure 1 for the adopted 
reference frame all elements are referenced to. During 
the first geophysical campaign in January we were able to 
smell gasoline vapors in nine of the monitoring wells: 
(1,3), (2,3), (3,2), (3,3), (3,4), (4,2), (4,3), (5,2), (5,4). This 
indicates that although a dissolved phase may have 
migrated some more than 1 m to the SE, a sizable vapor 
phase of more than 3 m in diameter developed with well 
(3,3) at its center. 

Metodology 

We perform the spectral decomposition using the WT in 
order to assure maximum temporal resolution of the study 
area. The limitation in this approach is that it has good 
time resolution at higher frequencies and  good frequency 
resolution at lower  frequencies. Techniques as wavelet 
packet decomposition (WPD) (Coifman et al., 1992) e 
matching pursuit decomposition (MPD) (Mallat et al., 
1993). Those have been used in seismics (Chakraborty et 
al., 1995; Sinha et al, 2005). We use the WPD in this 
work as a multi-resolution tool to analyze the spectral 
contents of our data. 

The continuous WT (CWT) describes the signal S(t) with 
an orthogonal basis ψb,a , which is generated with 
dilations ( a ) and translations ( b ) of a mother wavelet 
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compact and localized in time. We then can map the 
transformed signal in a scalogram, i.e., a scale-time 
section, in which large scales correspond to lower 
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quency components and vice-versa. 

Figure 1: Map of the study area containing the 
elements referred to in the text, referenced to an 
arbitrary reference frame with axis running NW to SE 
and SW to NE. In this manner, a particular element is 
referenced to by a pair of integers (n , m), running 
NW to SE and SW to NE respectively. The blue 
square centered at (3 , 3) indicates the hole where 
the gasoline was poured in. The inset C shows a 
picture of the hole filled with gasoline, having a 
monitoring well at its center. The monitoring wells are 
shown as open magenta circles; the north-
westernmost well is at position (1, 3). A is the GPR 
profile referred to in the text, arrowed to indicate the 
direction of measurement. 

 can transform the  scalogram into a time-frequency 

ction if we approximate any given frequency by the 
ntral frequency of the wavelet. The latter being 
ersely proportional to the scale (Abry et al., 1993; 
watsch et al., 1992). 

                             
a

K
=f ψ

                                (2) 

ere Kψ  is a constant that depends on the choice of 
 wavelet. 

 can transform the WT back to the signal S(t) via the 
ntinuous inverse wavelet transform (CIWT). This exists 
 long as it meets than  admissibility condition. In 
ctice there is a factor that hinder the use of the CIWT. 
st the CIWT is redundant. To deal with this limitation 
 use the discrete wavelet transform (DWT). Here we 
e a generalization of the DWT known as Wavelet 
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Packet Decomposition (WPD). The advantage here is we 
can achieve better resolution for the higher frequencies. 
The WPD is based on a dictionary of basis called  
wavelets packets.  

With the WPD we can reconstruct S(t) with a selected 
range of frequencies. Those frequencies can in turn be 
chosen by their importance in describing a given 
response. Here we concentrate on the spectral 
characteristics that may have appeared in S(t) as a result 
of the presence of the gasoline. 

Results 

The processing of the GPR data comprised of a 4 step 
procedure: data editing, pre-processing, trace 
equalization and spectral decomposition. The pre-
processing stage consisted of dewow, and a judicious 
AGC gaining stage, mild enough not to saturate any 
trace. We did not filter our GPR data so as not to interfere 
later with the process of spectral decomposition. The 
traces were equalized in amplitude gaining the traces with 
the inverse of the envelope, obtained with the Hilbert 
transform of the trace. The resulting  GPR section is in 
Figure 2. 

 

 

 

 

 

 

 

 

 

 

W
t
e
W
w
F
C
t
e

F
s
W
i
a
s

frequency range. Figure 4 shows the WPD component 
W6,6 of trace (3,3) at 4.5 m as well as its  time-frequency 
section and its Fourier spectrum. Assuming that the 
hydrocarbon influence is stronger in that component then 
its spectral influence falls around 80 Mhz with a 
dispersion of 20 Mhz. It is important to stress here that 
there is no reason to generalize this to other GPR 
frequencies.  

 
Figure 3: Time-frequency sections and the FFT spectrum 
of three traces at: 0, 4.5, and 8 m. 
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igure 2: GPR section of the fixed-offset profile A shown
n Figure 1. 
e begin our analysis choosing three traces, one right at 
he center of the hole at (3,3), or 4.5 m, and two at the 
nds of the profile A at (3,5), or 0 m, and at (3.1), or 8 m. 
e estimate the CWT using an orthogonal  Daubechies 
avelet of 5th order. The time-frequency sections and the 
FT spectrum of these traces is shown in Figure 3. The 
WT shows an energy loss in the range [50, 80] ns. Note 

hat the FFT spectrum of trace (3,3) is conspicuously less 
nergetic than the other traces'. 

igure 3 suggests that the presence of the gasoline is 
een in the spectral components obtained with the CWT. 
e then proceed to decompose the entire section shown 

n Figure 2 with WPD. We use the same mother wavelet  
nd perform the WPD down to level 6 to produce 63 
pectral components. Each of those representing a given 

Once recognized the WPD component that is more 
affected by the presence of the gasoline, i.e.,  W6,6, we 
proceed transforming the whole section of Figure 2. We 
then transform back to the x-t domain via the IWT. The 
result is in Figure 5. Not surprising all the geometric 
information in Figure 2 is lost, but the area around the 
hole (3,3) is retained in the section. That may be 
delineating the influence of one or two of the phases of 
the hydrocarbon in the subsurface: the free-phase or the 
vapor-phase. 

Figure 4:  Left panel show the WPD component W6,6 of 
trace (3,3) at 4.5 m. Middle panel gives its time-
frequency section. The FFT of the W6,6 component is in 
the right panel. 
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Conclusions 

A multi-resolution spectral analysis of a GPR profile done 
in this work successfully revealed the spectral contents of 
the GPR signal over a controlled LNAPL spill. Using the 
continuous wavelet transform we show here that the 
presence of the gasoline is reflected in the spectral 
contents of the GPR trace. 

The spectral contents of the GPR signal is analyzed and 
eventually transformed back to the time domain using 
wavelet packets. We show here that the presence of the 
gasoline is reflected in the spectral contents of the GPR 
trace. With this is possible to transform back to the x-t 
domain a single component of the WPD to produce a 
GPR section delineating the influence of one or two of the 
phases of the hydrocarbon in the subsurface: the free-
phase or the vapor-phase. Of course by the volume of the 
anomalous part in the resulting section the main 
contribution probably comes from the vapor phase. It 
remains the need of a modeling exercise in order to 
corroborate this assumption. 
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