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225 MHz antennas while the one in Fig. 1b is obtained using
the 450 MHz antennas. The sampling interval rate was
respectively 0.4 and 0.2 ns. The distance between antennas was
0.5 m for 225 MHz and 0.25 m for 450 MHz and the system
was moved by constant steps of respectively 0.25 m and 0.125
m for each antenna set.

Note that the depth of investigation in both cases is nearly the
same and the vertical resolution is much better in Fig. 1b than
in Fig. 1a. Using a constant velocity of 0.15 m/ns (which is a
reasonable value for dry sand) the wavelength for each
dominant frequency (225 and 450 MHz) is respectively 0.66 m
and 0.33 m. In the presence of noise the vertical resolution is
assumed to be half of the wavelength. Therefore the vertical
resolution for the 450 MHz antennae is equal to 0.16 m. The
lateral continuity is also much better compared to 225 MHz
antennas. Consequently we decided to perform the acquisition
of all the data with the 450 MHz antennas.

Data processing

The first events (see the first breaks in Fig. 1) in the GPR
images are the direct air waves followed by the direct ground
waves. This is because the EM velocity in air (the speed of
light = 0.3 m/ns) is much faster than in other materials. Thus,
the waves traveling directly between two antennas are the first
to arrive. The Pulse EKKO 1000 GPR system is very stable and
the time of the air waves is not drifting, but all first breaks are
shifted down by the same quantity. Therefore, in order to adjust
the timezero, all we need is to shift up the air waves by a
constant quantity.

The GPR data always show a low frequency component
(herein referred as Direct Current, DC) that depends on the
ground conditions (conductive and/or wet materials). To
correct for the DC component a running average filter is
applied to the data. The anti-DC filter has a length of 5 and 2.5
ns respectively for Figs. 1a and 1b. An AGC of the same length
is also applied.

In general the GPR data show some clutter noise (continuous
flat reflections) caused by breakthrough between the shielded
antennas and by multiple reflections between the antenna and
the ground surface (Daniels, 1996). The time invariant
background signal is always parallel to the direct air waves (see
Fig. 1) and become much stronger after the application of
AGC. Therefore, in order to reinforce the steep dip reflections
presented in Fig. 1, it is essential to filter out the continuous flat
reflections. This is done by using a running average filter over a
number of traces to calculate an average trace. That is then
subtracted from the central trace of the sliding window.

Summary

In January 1999 a series of Ground Penetrating Radar (GPR)
profiles were acquired in the Sahara north of N’Djamena in
Tchad. The primary objective of these profiles was to image
the geometry of Quaternary sedimentary deposits in dry
environment.

We acquired several GPR profiles over an aeolian structures
and show here one example of GPR data collected over a sand
dune. We report the methodology of GPR acquisition and
processing and try to explain the origin of the strong reflections
observed in the case of a sand dune.

Introduction

GPR is a high-frequency (from 10 MHz to 1 GHz)
electromagnetic (EM) method that provides high-resolution
images of near-surface structure (Davis and Annan, 1989).
GPR has been used for a variety of tasks like finding ice or
permafrost thicknesses, detecting subsurface cavities, buried
channels and tunnels, mapping contamination plumes,
detecting buried objects in archaeological surveys, determining
the thicknesses of soil horizons and depth to water table (Sato
and Versteeg, 1998).

In this study we show the methodology of the data acquisition
over a dry sand dune. In general the GPR data show some
clutter noise (continuous flat reflections) caused by waves
bouncing back and forth between the antennas and by multiple
reflections between the antenna and the ground surface.
Therefore, in order to enhance the steep dip reflections, it is
necessary to filter out the time invariant background signal. A
discussion about the origin of the reflectivity and the reflection
coefficient, inside a dry sand dune, is also shown.

Data acquisition

GPR data were collected in a dry aeolian environment of the
Tchad desert. Radar profiles were acquired using the Sensors
and Software Pulse EKKO 1000 GPR system equipped of
shielded antennae. The mode of acquisition was in constant
offset, the transmitting and receiving antennas were
perpendicular (transverse electric (TE) mode) to the profile
direction. In order to improve the signal to noise ratio we used
a vertical stack of 64 measurements for each antennae position.

We have tested two sets of antennas. The result of this test is
shown in Figure 1. The profile of Fig. 1a is obtained using the
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Figure 1. Examples of radar sections acquired over an aeolian dune using a Pulse EKKO 1000 GPR system a) with a 225 MHz
antennae set and b) with a 450 MHz antenna set. Note the higher reflectivity and a better vertical resolution and lateral continuity
compared to the data in a). An AGC of 5 and 2.5 ns is applied respectively on both sections.
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For the first window the average trace is subtracted from all the
traces of the first half window length, while for the last window
the average trace is subtracted from all the traces of the last
half window length. The moving window has a length of 51
and 101 traces (corresponding to 12.5 m) respectively for the
225 and 450 MHz data.

In order to correctly position the reflections it is necessary to
apply the topographic corrections. This is shown in Figure 2
where an AGC of 5 and 2.5 ns and a constant gain are also
applied to each section. The topographic corrections and the
depth conversion of the time axis, in Figure 2, are performed
using a constant velocity of 0.15 m/ns which corresponds to a
value of 4 for the relative permittivity (see Table 1 below). The
datum plane (0 m) is chosen as the top of the dune (at x=8 m).

Origin of the reflections

The studied dune (Fig. 2) is growing toward the left and its
front is dipping to the left at an angle (α) of about 15 to 20
degrees.

It is composed of very fine sand (0.02-0.06 mm diameter) that
is moved (from the right to the left) easily by the wind. Lower
to the right hand side of the dune the sand become more and
more coarse (0.2-2.0 mm diameter).

The steep reflections on the upper left part (between 10 and 50
ns) show a dip (p = dt/dx= Vsinα/2) of about 4.5 ns/m which
gives an angle of 20 degrees. Thus, it seems that these
reflections are coming from the past positions of the dune’s
fronts.

The reflection indicated by three arrows in Fig. 2 presents the
base of the dune which is roughly flat and consists of pebbles
(above 2.0 mm diameter). The depth of the base is about at 6 m
from the top of the dune. Just under the bottom of the dune
there is a silty sandstone layer composed of very fine wet sand.
On the center of the section, one can see a small dune (the
second arrow) which has been moving and growing leftwards.
The steep dip reflections (between 40 and 80 ns) are probably
also coming from past fronts (composed also of very fine sand)
of this dune.
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Figure 2. The same data as in Fig. 1 but a filter of the horizontal reflection and the topographic corrections are applied. The
topographic corrections and the depth conversion of the time axis are performed using a constant velocity of 0.15 m/ns which is a
reasonable value for the dry sand dunes. An AGC of 5 and 2.5 ns and a constant gain are also applied respectively on both sections.
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During a sandstorm (that may last one to several days) the dune
grows rapidly and its front might move from one to a few
meters. The lateral distance between two steep reflections (see
the first arrow) is approximately 7 m, indicating that the front
of the dune has moved during a sandstorm which probably has
last some days.

The quiet weather (just windy) in the desert may last from a
few days to a month and during that period the dune moves
very slowly and only the very fine sand is displaced and
deposited to the front of the dune to form a layer of a few
centimeters thick (remember that the vertical resolution for the
450 MHz frequency is 16 cm). At night the front and the
surface of the dune absorb the ambient humidity and become
more compact. The dielectric contrast between the dry and wet
sands causes the present-day reflections from the base of the
dune and from the fronts and the surfaces of the old dunes
located within it (see below the discussion about the dielectric
constant and the reflection coefficient).

Table 1

Material Relative permittivity (κ)
EM velocity

(m/ns)

Fresh water 81 0.033

Sand (dry) 3-6 0.12-0.17

Sand (wet) 8-20 0.067-0.10

Sand (saturated) 25-30 0.055-0.06

Sandstone (dry) 3-4 0.15-0.17

Sandstone (wet) 5-9 0.10-0.13

silt 5-30 0.055-0.13
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Conclusions

We have shown that GPR is an efficient method to image the
interior of a dry sand dune. The 450 MHz frequency gives a
better vertical resolution and lateral continuity compared to the
225 MHz frequency. In order to enhance the steep dip
reflections, it is necessary to filter out the time invariant
background signal. Many strong reflections are obsereved
inside the present-day dune. The strong reflectivity is explained
by the dielectric contrast between the dry and wet sands. An
addition by 2.5% of volume water into the wet sand would
increase the reflection coefficient of over 25%.

Acknowledgments

We are particularly indebted to Mr. Michel Brunet who gave us
the possibility to make the acquisition of the radar data during
a paleontologic mission in Tchad.

References

Beres, M. Jr. and Haeni, F. P., (1991) Application of ground
penetrating radar methods in hydrogeologic studies, Ground
Water, 29, 375-386.

Birchak, J. R., Gardener, C. G., Hipp, J. E. and Victor, J. M.,
(1974). High dielectric constant mocrowave probes for sensing
soil moisture, Proc. IEEE, 62, 93-98.

Daniels, D. J., (1996). Surface Penetrating Radar, published by
the Institution of Electrical Engineers (IEE), London, United
Kingdom., pp. 300.

Davis, J. L. and Annan, A. P., (1989). Ground-penetrating
radar for high resolution mapping of soil and rock stratigraphy,
Geophysical Prospecting, 37, 531-551.

Guéguen, Y. and Palciauskas, V., (1992). Introduction à la
Physique des Roches, Hermann Editeurs des Sciences et des
Arts, Paris, 312 pp.

Zent, A. P., Fanale, F. P. and Roth, L., E., (1990). Possible
martian brines: radar observation models, J. Geophys. Res.,
Vol. 95, Nr. B9, 14531-14542

Stratton, J. A., (1941). Electromagnetic Theory, McGraw-Hill,
New York.

Sato, M. and Versteeg, R. (Eds.), (1998). Special issue on
ground penetrating radar (GPR’96), J. Appl. Geophys., 40, 1-3.

Wang, J. R. and Schmugge, T. J., (1980). An empirical model
for the complex dielectric permittivity of soils as a function of
water content, IEEE Trans. Geosci. Remote Sens., GE-18, 288-
295.

Dielectric constant of sandy soil

The relative permittivity (κ) of the dry sand lies in the range 3
to 6 (Davis and Annan, 1989; Beres & Haeni, 1991; Daniels,
1996). Table 1 lists approximate values of the relative
permittivities at 100 MHz and the EM propagation velocities
(calculated by: V=c/κ1/2 with c = 0.3 m/ns, the velocity of EM
waves in free space) for the water and a range of sandy
materials. As shown from this table the relative permittivity for
moist sandy soils increases with increasing water content and
lies in the range 5 to 30. When two materials are mixed, the
bulk relative permittivity (κ) of the mixture falls between the
dielectric constants of the components, very roughly in
proportion to their weighed volume fraction (Guéguen and
Palciauskas, 1992). Many mixing formulas for the bulk
permittivity of the moist soils have been reported in the
literature (Wang and Schmugge, 1980). We choose here to
consider the formula given by Birchak et al., (1974):

 (1)

Here κs and κw are the relative permittivity respectively of the
matrix (in our case sand) and the fluid content (water), and fw is
the volume fraction of the fluid content. The bulk relative
permittivity increases slowly with increasing moisture content
at first; beyond some transition value it increases more rapidly.
The transition value is between 0.16 and 0.33 volumetric water
content; in general finer grain sizes have higher transition
values (Zent et al., 1990). Taking fw = 0.09 for a mixture of dry
sand (κs = 5) and water (κw = 81) one can find a bulk relative
permittivity of 8. An increasing of 2.5% of volume water (fw =
0.115) will give a value of 9 for the bulk relative permittivity.

Reflection coefficient and discussion

The reflection coefficient of radar waves is related to the
dielectric contrast (neglecting the magnetic permeability
contrast) between two media. For the normal incidence upon
an interface between two homogeneous dielectric half-spaces
of dielectric constants of κ1 and κ2, the reflection coefficient
(ρ) is given by Fresnel’s equation (Sratton, 1941):

 (2)

The reflection coefficient of an interface between dry (κ1 = 5)
and wet sand (κ2 = 8) has a negative value of 0.11. Adding
2.5% of water into the wet sand would increase the reflection
coefficient from 0.11 to 0.14, an increase of over 25%. That
explains the strong reflections from the base (wet silt) of the
actual dune, and the reflections from the fronts (very fine wet
sand) and the surfaces (fine wet sand) of the old dunes located
within the present-day dune.

κ 1 f w–( ) κ s f w κw+=

ρ
κ1 κ2–

κ1 κ2+
--------------------------=


