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Borehole radar monitoring of infiltration processes in a
vadose zone
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Abstract: Ground-penetrating radar (GPR) is an effectiveness tool for imaging spatial
distribution of hydrogeologic parameters. An artificial groundwater recharge test has been
conducted in Nagaoka City in Japan, and time-lapse crosshole GPR data were collected to
monitor infiltration processes in a vadose zone. Since radiowave velocities in a vadose zone are
largely controlled by variations in water content, the increase in traveltimes is interpreted as an
increase in saturation in the test zone. We use a finite-difference time-domain method in two-
dimensional cylindrical coordinates to simulate field results. Numerical modeling successfully
reproduces the major feature of velocity changes in the filtration process.
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1. INTRODUCTION

Ground-penetrating radar (GPR) is a technique of imaging the subsurface at high resolution. A
short radar pulse in the frequency band 10 — 1000 MHz is introduced into the ground. In high
resistive rocks (> 100 ohm-m), the propagation velocity of the radar pulse is mainly controlled
by the dielectric constant (relative permittivity, &) of the subsurface. Water has a dielectric
constant of 80, whereas in most dry geological materials the dielectric constant is in the range 4
— 10. Consequently, the water content of materials exerts a strong influence on the propagation
of radar pulse.

Near-surface, environmental investigations often require monitoring of the spatial distribution
of water content and identification of preferential fluid flow paths. GPR has proven to be a
powerful tool for hydrogeological characterization (Reynolds, 1997). Since the radiowave
velocity is highly correlated with water content in the subsurface, the technique is commonly
used to detect differences in porosity in a saturated zone, and differences in soil water retention
and thus grain size in a vadose zone.

In 2002, an artificial groundwater recharge test was carried out in Nagaoka City, Japan. We use
borehole radar to monitor infiltration processes in a vadose zone. Water contents of soils can be
estimated by the dielectric constant obtained from first arrival times of GPR pulses. Time-lapse
crosshole measurements were made to collect zero-offset radargrams. To simulate GPR
wavefields and to evaluate hydraulic parameters in a vadose zone, we employ a finite-difference
time-domain (FDTD) solution of Maxwell’s equations in two-dimensional (2D) cylindrical
coordinates.

2. FIELD TEST
An artificial groundwater recharge test has been conducted in Nagaoka City in Niigata
Prefecture, Japan (Kuroda et al., 2006). In this test, borehole radar measurements were made for
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monitoring infiltration processes in a vadose zone, which is the area of unsaturated soil from the
surface to the groundwater table. Figure 1 shows a schematic diagram explaining the spatial
arrangement of an infiltration pit and boreholes. The top 2-m surface soil consists of loam, and
the subsoil is gravel. The water table is located at about 10 m below the surface.

A 2 m x 2 m square of wooden water tank is set in the surface layer and its bottom, at which
groundwater is recharged into the soil, is located at -2.3 m from the surface. A total volume of
water was set to 2 m’ (2 m x 2 m x 0.5 m). It took about 40 minutes for all groundwater flowed
off into the soil from the tank. Two boreholes are located on either side of the tank. The lengths
of boreholes 7'and R are 11 m and 5.7 m, respectively. The distance between the two boreholes
1s 3.58 m. The boreholes are PVC cased, and its diameter is 7 cm. All GPR data were collected
by a GSSI SIR10 system with borehole antennas at a dominant frequency of 110 MHz. The
transmitter and receiver antennas were placed in boreholes 7 and R, respectively. In this test,
instead of using time-consuming multi-offset gathering, we collected radargrams with repetitive
zero-offset gathering (ZOG). GPR measurements were made every 0.1 m from -2.3 m and -5.0
m, it took about 2 minutes to collect a zero-offset gather (ZOG) of radargrams.

Figure 2 shows radargrams observed during the infiltration test. First arrival times are about 36
— 38 ns in the initial state (Figure 2a), while 42 — 44 ns in the final state (Figure 2c), which is
consider to be fully saturated. In the intermediate case of 51 — 53 minutes after the infiltration,
at depths of lower than -4 m, the first arrival times are not changed from the initial state. In the
zone upper than -4 m, however, we can find delayed first arrival times; shallower the depth,
slower the time. The increase in traveltimes is interpreted to be caused by increased wetting of a
vadose zone. In the zone between -3.5 m and -4 m, first arrival times are rapidly changed with
depth. This may be due to a gradually change of water saturation or refractions.

Figure 3 shows vertical profiles of all first arrival times measured in the test. In the illustration,
the volumetric water content at a depth was estimated as follows. First, the traveltime is
transformed into velocity (v), v in the soil calculated by v = d/t, assuming a straight ray path,
where d is the distance between the boreholes, and ¢ is the travel time. Next, apparent dielectric
constant K, is obtained by

K, =(c/v), (1)

where c is the EM velocity in free space. Finally, volumetric water content can be estimated by
substituting K, into Topp's equation (Topp et al., 1980). Note that radar measurements at depths
upper than -2.8 m are not reliable. From Figure 3, we can find the progress of filtration with
time.

3. NUMERICAL MODELING

Next, we make FDTD modeling in 2D cylindrical coordinates to reproduce field results and to
obtain hydraulic parameters. We employ the modeling scheme developed by Jang et al. (2007)
to model EM fields radiated from a transmitter antenna in a borehole.

To simulate field results, we use a FD grid consisting of 370 x 600 cells, each of which is 1 cm

x 1 cm. We consider a simple two-layer model whose dielectric constants of 13g and 9.
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Gaussian pulses with #p = 2 ns and 7= 4 ns are transmitted every 0.1 m from 1 m above to 1 m
below the layer boundary.

Figure 4 shows normalized electric fields at a point of 3.6 m horizontally from the centre of a 1
m transmitter antenna. All radar traces are normalized by their maximum amplitudes for easier
comparison. In the illustration, first arrival times are defined as the way used in the field data
(Figure 2)). The EM velocity of the upper region, where the medium of dielectric constant has
13, is about 5 ns slower than that of the lower region, where the medium of dielectric constant
has 9. When the transmitter and receiver antennas are both close to the layer interface, the first-
arriving energy can travel as a refracted wave along the interface. Clear refractions are
confirmed at depths from 0.5 m to 0.0 m. This modeling result is well fitted to the field data
shown in Figure 3b, and thus successfully reproduces the major feature of field results. In
addition, the velocity change at between depths of -3.5 m and -4 m can be explained by
refracted traveltimes.

4. CONCLUSIONS

We performed time-lapse borehole radar monitoring to clarify infiltration processes in a vadose
zone. ZOG of radar data were acquired in the artificial groundwater recharge test. The
infiltration process is clearly observed as a variation of EM-wave velocities. The hydraulic
parameter of soil is evaluated from field data. The EM-wave velocity can be transformed into
dielectric constants, which are further converted to water content. The radar responses in a
vadose zone are largely controlled by variations in water saturation. An increase in traveltimes
can be interpreted as an increase in water saturation in the test zone. We used a FDTD solution
of Maxwell’s equations in cylindrical coordinates to explain the field results. The modeling
approach successfully reproduces the major feature of velocity changes during the infilteration
process.

ACKNOWLEDGMENTS
This work was supported by the KOSEF-JSPS Cooperative Program (F01-2006-000-10248-0).

REFERENCES

Jang, H., Park, M.K., and Kim, H.J., 2007, Numerical modelling of electromagnetic waveguide effects on
crosshole radar measurements, Exploration Geophysics, 38, 69-76

Kuroda, S., Satto, H., Okuyama, T., Takeuchi, J., Simunek, J., and Van Genuchten, M.TH., 2006, Quasi
3D image construction of infiltration processes in the vadose zone by combining inter borehole radar
data and numerical simulation of water-flow in soils, Proceedings of the 8th SEGJ International
Symposium, 128-131.

Reynolds, J.M., 1997, An Introduction to Applied and Environmental Geophysics, John Wiley & Sons,
796p.

Topp, G.C., Davis, J.L., and Annan, A.P., 1980, Electromagnetic determination of soil water content:
measurements in coaxial transmission lines, Water Resources Research, 16, 574-582.

315



Hannuree Jang - Mi Kyung Park - Seiichiro Kuroda - Hee Joon Kim

Rellatieyeraii Fig. 2. Radargrams observed during the
G infiltration test: (a) before infiltration, (b) about
20m . . .
* 52 minutes after infiltration, and (c) about 106
e Infitration minutes after infiltration. Triangles show first
it . .
A arrival times.
— — HH = -2.5m
[\
y ahserved Estimated volumetric water content (%)
gravel zane 175 200 225 250 275
= ALY som o
{ 30 325 35 375 40
transrmtter / 20 Il L 1 L L
reciever
-25
- about -10 m
=30
&
5
oy
. . o a
Fig. 1. Schematic of an artificial groundwater 35
recharge test in a vadose zone.
(a) Initial e
30 /A oo
45 b \ &
350 375 400 425 450 475
4.5 ~ > ~ ~— > A Traveltime (ns)

0 %WI\@

X/ Fig. 3. Profile of traveltimes and water contents

changes in the test zone obtained by cross-hole
radar measurements.

Depth (m)

Depth (m)

S I VAN =7/
T T T T
30 40 50 60 70
Time (ns)

(c) 105 ~ 107 min.

Time (ns)

Fig. 4. Radargrams observed at a point of 3.6 m
horizontally from the centre of a 1 m transmitter

Depth (m)

antenna located in an air-filled borehole with a
diameter of 7 c¢m. The model contains a
horizontal interface across which the dielectric

constant varies from 13gy to 9gy. Triangles show

first arrival times.

Time (ns)

316





