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ABSTRACT

We conducted an integrated geophysical survey on a
stretch of the river Po in order to check the GPR ability to dis-
criminate the variability of riverbed sediments through an
analysis of the bottom reflection amplitudes. We conducted
continuous profiles with a 200-MHz GPR system and a hand-
held broadband EM sensor. A conductivity meter and a TDR
provided punctual measurements of water conductivity, per-
mittivity, and temperature. The processing and interpretation
of the GEM-2 and GPR data were enhanced by reciprocal re-
sults and by integration with the punctual measurements of
the EM properties of the water. We used a processing flow
that improved the radargram images and preserved the ampli-
tude ratios among the different profiles and the frequency
content at the bottom reflection signal. We derived the water
attenuation coefficient both from the punctual measurements
using the Maxwell formulas and from the interpretation of
the GPR data, finding an optimal matching between the two
values. The GPR measurements provided maps of the
bathymetry and of the bottom reflection amplitude. The high
reflectivity of the riverbed, derived from the GPR interpreta-
tion, agreed with the results of the direct sampling campaign
that followed the geophysical survey. The variability of the
bottom-reflection-amplitudes map, which was not confirmed
by the direct sampling, could also have been caused by scat-
tering phenomena due to the riverbed clasts which are dimen-
sionally comparable to the wavelength of the radar pulse.

INTRODUCTION

This work deals with acquiring, processing, and interpreting
aterborne ground-penetrating-radar �GPR� data to survey bathym-

try changes and discriminate between riverbed sediments. We col-
ected GPR data on the Po River �Turin, Italy� in autumn 2005. We
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lso acquired low-frequency electromagnetic, time-domain reflec-
ometer �TDR�, conductivity, and temperature measurements during
he same campaign �Sambuelli et al., 2007�. Months later �April
006�, we sampled the river bottom.

Monitoring river erosion and understanding the connection be-
ween surface water and underground water are critical environmen-
al issues. Interest applying GPR to shallow-water environments is
rowing, as shown by several publications related to this topic. Early
pplications of GPR in water environments �Annan and Davis,
977; Kovacs, 1978� were conducted in low-conductivity media,
uch as melting water in arctic areas.Ahigh penetration depth can be
chieved in such low-conductivity water: examples exist of subbot-
om penetration in water depths exceeding 25 m �Delaney et al.,
992�. Other works attempt to obtain bathymetric maps of ice-cov-
red lakes �Moorman et al., 2001; Schwamborn et al., 2002� and res-
rvoirs �Arcone et al., 1992; Hunter et al., 2003; Best et al., 2005�.
mprovements in GPR technology now allow good penetration in
onductive water �Arcone et al., 2006a�. A system whose emitted
ower is enhanced by a factor of 1000, designed for acquisitions in
hallow seawater �Abramov et al., 2004�, has penetrated 1–2 m in
ediments saturated by saltwater.

Thanks to its flexibility and potential, GPR is a reliable tool for as-
essing bridge scour �Davidson et al., 1995; Olimpio, 2000; Webb et
l., 2000; Park et al., 2004�, monitoring stream discharge �Haeni et
l., 2000; Melcher et al., 2002; Cheng et al., 2004; Costa et al., 2006�,
tudying sedimentology of bottom deposits �Buynevich and Fitzger-
ld, 2003; Fuchs et al., 2004; Shields et al., 2004�, mapping bathym-
try �Moorman and Michel, 1997; Powers et al., 1999; Jol andAlbre-
ht, 2004�, and finding submerged objects such as lumber �Jol and
lbrecht, 2004�. Many authors agree that GPR could provide com-
lementary information to seismic methods, especially in very shal-
ow water where reverberation can prevent the interpretation of sub-
ottom reflectors �Arcone et al., 2006b� or when gas in the sediment
revents seismic signal penetration �Delaney et al., 1992; Mellett,
995; Powers et al., 1999; Schwamborn et al., 2002�.

The versatility of GPR is also the result of the flexibility of survey
etups. Case histories report the use of antennas directly coupled to

anuary 2009; published online 12 May 2009.
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B96 Sambuelli et al.
ater from the surface �Sellmann et al., 1992; Mellett, 1995�, proto-
ypes of submerged antennas �Meyers and Smith, 1998; Tóth, 2004�,
oncontact systems such as helicopter mounts �Melcher et al., 2002�
r hanging ropes �Costa et al., 2000; Haeni et al., 2000; Cheng et al.,
004�, and antennas mounted on the bottom of nonmetallic boats
Jol and Albrecht, 2004; Park et al., 2004; Porsani et al., 2004; Brad-
ord et al., 2005�.

The potential of GPR to detect the composition of a riverbed has
een mentioned in early studies. Ulriksen �1982� suggests that fine
ediments can be identified from strong and smooth reflectors and
oraine can be identified from speckled and weak signals; boulders
ay produce hyperbolic diffractions. The same qualitative approach

o the analysis of basin-bottom characteristics has been tested posi-
ively by others �Beres and Haeni, 1991; Powers et al., 1999�. In par-
icular, Dudley and Giffen �1999� find optimal agreement between
PR results and direct sampling of sediments. However, there

eems to be little documentation concerning sediment discrimina-
ion through a quantitative analysis of amplitude. Our work aims to
rovide a methodology to perform an approximate characterization
f river-bottom sediment by mapping the GPR amplitude of reflec-
ion �AOR�.

The possibility of a quantitative analysis of bottom AOR derives
rom assumptions that the signal transmitted in the water is constant
nd the river water is homogeneous with respect to the EM field. We
erified the first assumption through preliminary tests, checking the
onstancy of the main bang �the first reflection event in a radargram
cquired with a near-zero-offset bistatic antenna� obtained from the
ater’s surface. The second assumption is particularly true in shal-

ow rivers where there is no thermocline and therefore no reflectors
efore the riverbed �Bradford, 2007�. We based the corrections of the
adargrams for geometric spreading and water attenuation on this
atter assumption.

Our methodology is grounded on the hypothesis that after these
orrections have been made, the AOR from the riverbed sediments
epends mainly on the type of sediments and is not correlated to the

igure 1. Location of the 10 processed GPR profiles acquired on the
o River in Turin, Italy. The river flows from south to north. Profile 1

s near the west bank, and profile 9 is near the east bank. Profile 10 is
he crooked profile.
Downloaded 03 Jun 2009 to 130.192.28.138. Redistribution subject to 
ater depth. However, at least another two geometric factors may af-
ect AOR: slope and the rugosity of the river bottom. Regarding the
resence of a dipping reflector, we calculated the gradient of the
athymetry map and verified that more than 95% of the surveyed
rea has a slope angle below 4°. We hypothesized that the rugosity of
he river bottom was negligible compared to the wavelength. This
ypothesis, however, was not confirmed by the direct sampling cam-
aign.

Even though we could not estimate the real reflection coefficient
ecause we did not have information about the amplitude of the sig-
al that entered the water, we considered the possibility of correlat-
ng theAOR variability to the variability in the riverbed sediments.

DATA ACQUISITION

To test our methodology, we chose a 300-m-long stretch of the Po
iver in Turin, northwest Italy. We performed a geophysical survey

n autumn 2005 and then a bottom sampling survey in spring 2006,
hoosing the sampling points according to the results of the analysis
erformed on the geophysical data.

We conducted the first survey in two steps. First, we collected con-
inuous data with an IDS K2 GPR and a Geophex GEM-2 handheld
roadband EM sensor. Immediately after the continuous acquisi-
ions, we collected spot measurements of water permittivity with a
ektronic 1502c time-domain reflectometer �TDR� and measured
ater conductivity and temperature with a ProfiLine-197 conductiv-

ty meter. We referred both acquisitions to the UTM WGS84 abso-
ute reference system with a real-time kinematic �RTK� global posi-
ioning system �GPS�. For additional details about boat positioning
nd tracking, refer to Sambuelli et al. �2007�.

A pulsed-radar IDS K2 GPR with a TR200 IDS unit, a nominal
00-MHz central-frequency bistatic antenna, was placed on the flat
ottom of a fiberglass boat. We tested the antenna in the air with a
lane reflector in the far field and obtained an effective central fre-
uency of 250 MHz. We opted to place the antenna in the boat and
xcluded other possibilities. We avoided noncontact methods be-
ause hanging the antenna over the water’s surface would have wid-
ned the emission cone and multiple patterns in the air, minimizing
orizontal resolution and introducing noise in the radargrams. We
lso excluded a system with a submerged towed antenna because the
able could have been snagged by submerged objects such as tree
runks or WWII unexploded ordnance �UXO�. Moreover, placing
he antenna on the water’s surface allows bathymetry estimation.

We acquired 10 profiles, nine parallel to the shorelines and one
long a crooked line intersecting the others along four different seg-
ents at an approximate angle of 45° �Figure 1�. All GPR profiles
ere acquired using the same configuration, with the acquisition pa-

ameters reported in Table 1.
Physical and chemical properties of water, such as temperature

nd salinity, influence water conductivity and permittivity, which in
urn affect the velocity and attenuation of a radar pulse. For example,
he vertical gradients of these properties could influence the velocity
f the radar waves �Ellison et al., 1996� and consequently bathyme-
ry accuracy. To provide information on the variability of the water
roperties in the investigated area and to check the vertical gradi-
nts, we measured temperature, conductivity, and permittivity from
he water’s surface to a depth of 2 m in 0.5-m steps �Table 2�. We
ook these measurements at 14 points distributed spatially along
hree lines parallel to the axis of the river — one line near the west
SEG license or copyright; see Terms of Use at http://segdl.org/



b
w

t
b
t
e

w
2
t
t
v
t
p
d
t
p

a
a
s
S
a

t
g

t
t
s

1

2

3

4

5

6

7

D

fi
a
i
i
c
o
t

r

T

A

A

A

M

G

S

R

G

T
e
p

W

0

0

1

1

2

A

Riverine deposits mapped by GPR B97
ank, one near the east bank, and the other approximately coincident
ith the river’s axis — with about five points per line.
The bottom sampling survey was performed in April 2006, when

he geophysical survey was interpreted. No flood events occurred
etween the surveys. During this 2006 survey, we selected 12 points
o scan the bathymetry range and to sample different reflectivity ar-
as. The bottom sampling results are reported in Table 3.

DATA PROCESSING

We used the conductivity meter and TDR to measure the Po River
ater and obtained the values of the EM properties reported in Table
for different water depths. This analysis shows the homogeneity of

he water flowing in the surveyed area and the lack of significant ver-
ical gradient. We then calculated the average and standard deviation
alues �Table 2� of the conductivity � , permittivity �r, and tempera-
ure T. With the Maxwell formulas, we calculated attenuation �,
ropagation factor � , velocity V, and wavelength � of a pulse with a
ominant frequency f of 200 MHz in the water with the aforemen-
ioned average values of the EM parameters and a relative magnetic
ermeability �r of one. The results are shown in Table 4.

Before processing the GPR data, we windowed the main bangs of
ll traces and assessed the repeatability of the signal. Figure 2 shows
ll 8545 raw main bangs of the 10 profiles acquired in the survey.All
ignals are very similar, and overlapping occurs in several points.
imilar results are very unusual in terrain acquisitions; but in water
pplications, it is easy to ensure a constant coupling between the an-

able 1. Acquisition parameters of the IDS K2 GPR.

cquisition parameter

ntenna nominal central frequency 200 MHz

cquisition rate 6 traces/s
ean distance between trace 0.3 m

ain No

amples per trace 2048

ecording time 400 ns

PS logging frequency 1 Hz

able 2. Punctual measurement results: mean and standard d
valuated on 14 points, of the water conductivity, temperature
ermittivity at different depths.

ater depth �m�

Conductivity �mS/m� Temperature �°C�

Mean Std Mean Std

36.8 0.64 13.3 0.12

.5 36.8 0.48 13.3 0.06

36.7 0.44 13.2 0.06

.5 36.8 0.42 13.2 0.06

36.7 0.07 13.3 0.07

ll depths 36.7 0.46 13.3 0.08
Downloaded 03 Jun 2009 to 130.192.28.138. Redistribution subject to 
enna, boat, and water. The water impedance usually remains homo-
eneous along a survey area.

Data processing preserved, as much as possible, the amplitude ra-
ios among different traces and profiles and the frequency content of
he reflections from the river bottom. Processing followed these
teps.

� Correct zero time — remove the time delay added to the acqui-
sition before the main bang to obtain the zero time coinciding
with the beginning of the trace.

� Dewow — remove the very-low-frequency components from
all traces, present in the signal because the acquisitions were
performed without a filter.

� Cut time — the maximum two-way time of the bottom reflec-
tion was always less than 180 ns. The time cut reduced the trace
length from 400 ns to 200 ns.

� Background removal — apply a high-pass horizontal filter to
the profiles to remove a horizontally coherent component from
ringing at 200 MHz. �Had we not applied background removal,
the next two steps — divergence compensation and gain func-
tion — would have amplified the ringing.�

� Compensate for divergence — recover the geometric spread-
ing.

� Gain function —recover the intrinsic attenuation with the at-
tenuation coefficient given by the regression to obtain theAOR
of the river-bottom sediments.

� Time and amplitude reflection picking — pick the times and
AOR with the UTM coordinates of each point to produce the fi-
nal bathymetric andAOR maps.

etails on background-removal method, step 4

The background-removal subtracts the average trace of each pro-
le from each trace. In this way, the reflection events are averaged
nd part of the information is lost. The more horizontal the reflective
nterfaces, the more their weight increases on average and the more
nformation is lost. To respect the information content more, we
ould subtract a reference trace, corresponding to the deepest zone
f the profile, from each profile to remove the ringing and not disturb
heAOR for most of the data.

We tested both procedures; because of the nonhorizontality of the
iver bottom, the results were quite similar. We then selected the

background-removal method because the ringing
was not completely in-phase throughout each
profile and the averaging, in the background re-
moval procedure, could account for this better.
However, if the ringing were in-phase, subtract-
ing a reference trace would be more effective.

Details on divergence compensation, step
5

We could not estimate the radiation pattern of
the antennas, so it was not taken into account in
this correction. Divergence compensation acts on
each trace, recovering the geometric divergence
losses. We multiplied the amplitudes of each sam-
ple of each trace by its two-way time multiplied
by the pulse velocity in the water, assuming we

n,

ittivity ���

n Std

1 3.35

1 3.22

0 3.21

3 2.81

—

4 3.17
eviatio
, and

Perm

Mea

85.

84.

85.

83.

—

84.
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B98 Sambuelli et al.
ere in the Fraunhofer region with spherical loss. This assumption
mplicitly means that the downgoing wavefront is spherical and can
e approximated locally with a plane wave. The wave then impinges
n a flat surface and the upgoing wavefront is planar. This is equiva-
ent to hypothesizing an image source symmetrical to the real source
ith respect to the reflecting surface.

etails on gain function, step 6

After applying the divergence compensation, we picked the posi-
ive maximal AOR values of the riverbed and the relative depths. To
erform the picking operation quickly, we adopted the interpolated
utopicking feature available in Sandmeier’s Reflex-Win software.
e isolated the reflection events by muting the amplitudes of the

races above and below the bottom reflection to guide the autopick-
ng. Then we estimated the reflection depths with the two-way time
sing a water velocity value equal to 0.033 m/ns. A depth range of
–3 m allowed us to consider, even in the shallowest condition, the
eflection geometry as nearly vertical, the distance between the
ransmitter and receiver dipoles being 0.19 m. The autopicking

able 3. Riverbed sampling results at each point with a brief
aximum clast collected in the sampling point, its size param
ater depth, and the AOR corresponding to the sampling poi

ampling points Sample description
Maxim

clast diame

4 cobbles with a small
amount of sandy silt 6

4 cobbles with a small
amount of sandy silt 6

3 cobbles in a gravel
matrix with silty sand 9

1 cobble in a silt and
gravel matrix 7

Silt with sandy gravel �1

3 cobbles with sandy-silty
gravel 8

1 cobble in a sandy-
gravelly silt 7

2 cobbles with sandy-silty
pit-run gravel 10

1 cobble covered by silt 9

0
2 cobbles with pit-run
gravel �relatively
abundant�

8

1 Gravel with sand �1

2 2 cobbles in a gravel-silty
sand matrix 6

able 4. Electromagnetic properties of the water estimated wi
easurements.

r ��� � �mS/m� �r ��� f �MHz�

4 36.8 1 200
Downloaded 03 Jun 2009 to 130.192.28.138. Redistribution subject to 
ailed at a limited number of locations where the water depth was
reater than 3 m: we did not collect the amplitudes at these loca-
ions.

After checking input signal uniformity, water homogeneity, and
early vertical reflection geometry, and after divergence compensa-
ion, theAOR should follow an exponential decay with respect to the
ater depth Zw according to the equation

AOR

A0
�e��·2·Zw, �1�

here A0 is the amplitude of the wave entering the water and ��m�1�
s the water attenuation coefficient. The spherical loss assumption,
ogether with the Rayleigh scattering condition, would then imply
hat the difference in the AOR from the exponential trend should be
iven mainly by the difference of EM characteristics of the reflecting
edium, that is, the bottom sediments.
Figure 3 shows all of the collected picked amplitudes versus twice

he water depth together with the least-squares regression exponen-
ial, identified by the equation,

ption of the sampled sediments, the dimension of the
timated with equation 4 for a wavelength of 0.16 m, the

�
Maximum

size parameter ��� Water depth �m� AOR �dB�

1.18 1.66 �13.8

1.18 1.16 �12.7

1.77 1.29 �19.2

1.37 1.24 �7.37

0.20 1.42 �8.28

1.57 1.61 �11.3

1.37 1.57 �15.1

1.96 1.69 �12.7

1.77 2.84 �13.4

1.57 3.05 �10.5

0.20 2.83 �7

1.18 2.68 �15.3

Maxwell formulas from conductivity and permittivity

� �m�1� � �m�1� V �m/ns� � �m�

0.756 38.4 0.033 0.16
descri
eter es
nt.

um
ter �cm
th the
SEG license or copyright; see Terms of Use at http://segdl.org/
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Riverine deposits mapped by GPR B99
AOR�11,540·e�0.743·2·Zw. �2�

he value of the attenuation coefficient, 0.743 m�1, estimated from
he regression of the AOR, differs by less than 2% from that estimat-
d with the Maxwell relation, 0.756 m�1.

RESULTS

Applying the processing flow to the raw data improved the radar-
rams. Figure 4 compares the radargram of profile 4 �the third from
he west bank� before and after processing; both images are plotted
ith the same amplitude scale.All of the processed radargrams show

harp contrasts in the bottom reflections. This high reflectivity pre-
ents an unambiguous identification of the reflections within the
ediments.

We converted the bottom reflection times into the water depths by
sing the velocity of the radar waves in the water. We then gridded
he results to obtain the bathymetric map shown in Figure 5. The wa-
er depth in the surveyed area increased from the east bank going to-
ard the west bank, and almost all of the depths are included in the
–3-m interval. The trend of the bathymetry agrees with the fluvial
eomorphology. The river, flowing from south-southwest to north-

igure 2. Main bang repeatability. The 8545 raw main bangs of the
0 acquired profiles are plotted. Plot overlapping is from the high
imilarity of the traces.

igure 3. The continuous line represents the least-squares exponen-
ial regression �equation 2� on the 8059 amplitudes of reflection
black dots� picked after the divergence compensation versus the
istance travelled by the radar pulse.
Downloaded 03 Jun 2009 to 130.192.28.138. Redistribution subject to 
ortheast, has a slight curvature �Figure 1�, and the flow has a higher
elocity near the west bank where erosion occurs, which is more ef-
ective than near the east bank.

To map the bottomAOR, we converted all of the pickedAOR val-
es in decibels �AOR�dB�� according to

AOR�db��20· log� AOR

AORmax
� , �3�

here AORmax is the maximum bottom AOR measured in the sur-
eyed area. Figure 6 shows the bottom AOR map expressed in deci-
els. This map shows only a relative homogeneity of the bottom sed-
ments and is uncorrelated to the bathymetry map shown in Figure 5.

To help interpret the bottom AOR map, we graphed all 8958 am-
litude values in the histogram in Figure 7. More than 75% of the
rea is characterized by values included in the �15 and �6 dB. We
an assume that most of the points have a high AOR. Such a result
grees with the radargrams, where the penetration of the signal in the

a)

b)

igure 4. Comparison between �a� raw and �b� processed radargrams
f profile 4, the third from the west bank. The images are plotted with
he same amplitude scale.

igure 5. Bathymetric map of the surveyed stretch of the Po River,
stimated with GPR two-way time and assuming a radar-wave ve-
ocity of 0.033 m/ns in the water.
SEG license or copyright; see Terms of Use at http://segdl.org/
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B100 Sambuelli et al.
ediments is very poor. Moreover, the sampling surveys revealed the
elevant presence of coarse clasts in a sandy matrix, and these sedi-
ents have a higher reflectivity than homogeneous fine sediments

Powers et al., 1999; Shields et al., 2004�. Finally, the GPR interpre-
ation agrees with the EM survey response described in Sambuelli et
l. �2007�, where resistivity values compatible with saturated gravel
nd coarse clasts are reported. The agreement is greater in the wide-
pread high reflectivity in the map than in a correspondence between
igh-reflectivity and high-resistivity areas.

The inhomogeneity of the map, with respect to the homogeneity
f the direct sampling results, could be explained by two main hy-
otheses: �1� a heterogeneity of the sediments not detected by dredg-
ng and �2� a noncorrespondence of the reflector type to our previous
ypothesis, particularly with reference to Rayleigh scattering. The
rst hypothesis can be confirmed by results in Sambuelli et al.

igure 6. Contour map of the bottom amplitudes of reflection ex-
ressed in decibels. The 12 black triangles identify the direct sam-
ling points.

igure 7. Frequency distribution of the bottom amplitudes of reflec-
ion after applying the processing flow. The histogram was comput-
d from 8958 samples.
Downloaded 03 Jun 2009 to 130.192.28.138. Redistribution subject to 
2007�, where an incomplete uniformity of the bottom sediment con-
uctivity is highlighted. The second hypothesis could be suggested
y analyzing the ratio between the dominant pulse wavelength and
he average pebble diameter.

When dealing with scattering problems, it is usual to define a size
actor x as

x�
2·	 ·r

�
, �4�

here r is particle radius and � is wavelength. The Rayleigh scatter-
ng condition requires x�1. This condition allows us to consider the
eterogeneous material as being homogeneous; when hit by a plane
ave �providing a plane interface�, it reflects a plane wave. To esti-
ate the dominant wavelengths and to test the effectiveness of the

rocedure in maintaining the frequency content of the signals, we
rst extracted, with a tapered window, only the reflection event from
ach raw and processed trace and calculated the dominant frequency
f the spectrum of each trace. The average dominant frequency of
he reflected signals was 200 MHz in the raw and processed data.
his result confirmed that processing did not affect the frequency
ontent of the reflected signal. Despite coupling with a high-permit-
ivity medium, a very small shift occurred with respect to the effec-
ive antenna frequency, toward the lower frequencies.

Then we calculated the dominant wavelengths with the GPR
ulse velocity in the water and the dominant frequencies. We plotted
he histogram of the dominant wavelengths of the processed reflect-
d signals in Figure 8. The histogram clearly suggests that the domi-
ant wavelength in the water is near 16 cm. This wavelength is about
wice the average diameter of many of the sampled pebbles. Based
n such a wavelength/particle size ratio, the hypothesis of a reflected
lane wave is impossible, at least at a local scale. In fact, when x�1,
he Mie solution of Maxwell’s equations better describes the scatter-
ng.

In Mie conditions, the radar cross section of the illuminated object
s dependent on its dimension and on the signal wavelength. Conse-
uently, the reflected amplitudes toward the receiver are like a ran-
om sum of backscattered diffuse signals rather than a plane wave
Kingsley and Quegan, 1992�. Moreover, the Mie condition would
revent the use of a mixing rule approach to give a relation between
he reflection coefficient and the permittivity of the sediments, the

igure 8. Frequency distribution of the dominant wavelengths esti-
ated from the power spectra of the signal reflected by the river bot-

om. The histogram was computed from 7678 samples.
SEG license or copyright; see Terms of Use at http://segdl.org/
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ixing rules being valid only in the Rayleigh condition �Sihvola and
lanen, 1991�.

CONCLUSIONS

We have presented results related to GPR data derived from an in-
egrated geophysical survey, where, contemporarily to the GPR

easurements, we acquired low-induction-number EM multifre-
uency measurements �GEM-2�. We also made some spot measure-
ents of water permittivity, conductivity, and temperature and con-

ucted a direct sampling survey. Our goal was to distinguish the ri-
erbed sediments through a quantitative analysis of the river-bottom
eflection amplitudes and conductivities.

As far as the quantitative analysis of the bottom reflections is con-
erned, we first checked the constancy of the signal that entered the
ater by checking the main bang repeatability. We then designed the
ata processing so that it did not significantly affect the frequency
ontent of the signals and preserved the amplitude ratios among the
ifferent traces and profiles.

The processing and the interpretation of the GEM-2 and GPR data
ere enhanced by the reciprocal results and by integration with the

pot measurements of the EM properties of the water. The spot per-
ittivity and conductivity measurements allowed an estimation of

he GPR pulse velocity, which we then used to obtain a bathymetry
ap. We used the bathymetry data obtained from the GPR for the

ransformation of the apparent conductivity data into sediment con-
uctivity. We also calculated the attenuation factor, using the Max-
ell formulas applied to the spot measurements. We used this value,
hich optimally matched the one estimated in our analysis of the
PR amplitudes, to correct the signal amplitudes and to obtain the
OR map.
However, we did not find an optimal agreement between GPR in-

erpretation and direct sampling. Although direct sampling suggests
n overall homogeneity of the river bottom, the AOR map shows ar-
as with different values. The difference could be the result of scat-
ering phenomena from pluricentimetric clasts and the sampling

ethod. As far as the direct sampling is concerned, the Van Veen
rab bucket did not provide detailed information on the sediments.A
ifferent sampling method that can collect a larger amount of coarse
ediments without losing the finest should be recommended for geo-
ogic settings similar to this stretch of the Po River.

We did not find a one-to-one relationship between the AOR and
he conductivity maps either. Agreement between the two maps and
he direct sampling could only be found in a broad sense. The con-
uctivity values of the river-bottom sediments are compatible with
oarse saturated materials; the same holds for the high reflectivity of
he river bottom. Both of these interpretations agree with the coarse
lasts obtained from the direct sampling.

With respect to the field settings, the antenna placed on the flat
ottom of a fiberglass boat was a good compromise between signal
uality and an easy logistic configuration. However, the best solu-
ion is a purposely designed antenna with the dipole submerged in
ater to avoid power losses in the air and to limit the coupling effect
etween air and water. The optimum arrangement for a nonseismic
iver survey could be a multisensor boat that is RTK-tracked with a
PR, a low-frequency conductivity meter, electrical resistivity to-
ography �ERT� equipment with floating electrodes, and a device to

cquire water permittivity, conductivity, and temperature data con-
inuously.
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