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Case History

Magnetic, electrical, and GPR waterborne surveys of moraine deposits
beneath a lake: A case history from Turin, Italy

Luigi Sambuelli', Cesare Comina?, Silvia Bava', and Claudio Piatti’

ABSTRACT

Bathymetry and bottom sediment types of inland water basins
provide meaningful information to estimate water reserves and
possible connections between surface and groundwater. Water-
borne geophysical surveys can be used to obtain several
independent physical parameters to study the sediments. We
explored the possibilities of retrieving information on both shal-
low and deep geological structures beneath a morainic lake by
means of waterborne nonseismic methods. In this respect,
we discuss simultaneous magnetic, electrical, and ground-
penetrating radar (GPR) waterborne surveys on the Candia mor-
ainic lake in northerly Turin (Italy). We used waterborne GPR to

obtain information on the bottom sediment and the bathymetry
needed to constrain the magnetic and electrical inversions. We
obtained a map of the total magnetic field (TMF) over the lake
from which we computed a 2D constrained compact magnetic
inversion for selected profiles, along with a laterally constrained
inversion for one electrical profile. The magnetic survey de-
tected some deep anomalous bodies within the subbottom mor-
aine. The electrical profiles gave information on the more
superficial layer of bottom sediments. We identify where the
coarse morainic material outcrops from the bottom finer sedi-
ments from a correspondence between high GPR reflectivity,
resistivity, and magnetic anomalies.

INTRODUCTION

This paper presents the results of different types of waterborne
geophysical surveys carried out on a morainic lake in northern Italy.
In this case study, we acquired geophysical information relevant to
the bottom sediments and the underlying moraine in addition to the
ones obtained in a previous study performed by the use of the
ground-penetrating radar (GPR) (Sambuelli et al., 2010). The main
objectives of this work were (1) increase the definition of a coarse
grained water pathway in the lake sediments and (2) investigate in
depth the moraine structure which emerges in the lake surroundings.
The coarse-grain morainic material in this geologic setting likely
contains boulders with magnetic signatures presenting a strong
resistivity contrast with finer sediment type. Therefore, the survey
techniques based on these two physical properties could be poten-
tially useful. Moreover, the relatively shallow water depth in some

areas of the lake and the aim to investigate also geological structures
at depth below the lake sediments led us to a nonseismic approach,
combining magnetic and electrical surveys with the GPR to con-
strain the interpretative models.

The use of nonseismic geophysical methods to study shallow in-
land water is relatively recent. A review of the existing methods and
recent case histories can be found in the Special Issue of Near Sur-
face Geophysics on Waterborne Geophysics (Butler, 2009;
Sambuelli and Butler, 2009).

Applications of GPR to freshwater environments for both bathy-
metry estimation and bottom sediment characterization range from
the initial investigations (Annan and Davis, 1977; Delaney et al.,
1992; Arcone et al., 1992; Mellett, 1995; Moorman and Michel,
1997) to recent case histories (Arcone et al., 2006, 2010; Sambuelli
et al., 2009, 2010; Lin et. al., 2010). Several of these authors stated
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B214 Sambuelli et al.

that GPR surveys complement conventional sonic and ultrasonic
approaches, especially in shallow water environments, or when
the presence of gas prevents penetration of acoustic waves into
the sediments. In particular, Arcone et al. (2010) discuss a GPR
survey of a lake in a glacial environment (similar to our geological
setting) and also give an example of the intrusion of moraine ma-
terial through the lacustrine sediments.

The reported use of electric measurements on inland waters is
more common than that of GPR, even though continuous vertical
electric sounding (CVES) acquisition is relatively recent with the
introduction of automatic multichannel resistivity devices. Electri-
cal measurements have been applied for different purposes and
using different configurations. To correctly choose the optimal ac-
quisition array and electrodes disposition (floating or submerged) in
relation to the objectives of our surveys, we have considered
previous research works.

Lagabrielle and Teilhaud (1981) used a Wenner array on the
Garonne River bottom to establish the extension of gravel deposits.
Bradbury and Taylor (1984) studied the hydrogeological properties
of the bottom sediments of Lake Michigan by combining seismic
reflection and electrical measurements. They used a towed floating
electrode array to yield longitudinal conductance and electrical
chargeability measurements. Belaval et al. (2003) used continuous-
resistivity profiling (CRP) to delineate the subsurface saltwater/
freshwater interface by detecting conductivity changes in the
marine environment. The CRP system was characterized by towing
two fixed current electrodes and nine floating potential electrodes.
They also used an echo sounder in their surveys to constrain the
water depth during the inversion.

With respect to the use of submerged or floating electrode arrays,
Loke and Lane (2004) compared the performances of three strate-
gies to acquire resistivity data in water-covered areas: the first with a
combination of underwater and floating electrodes of a Wenner
array spaced at 2.5 m; the second with the entire survey line under-
water with a minimum spacing between electrodes of 1 m, and the
third with a floating dipole-dipole array with two fixed current elec-
trodes and nine potential electrodes spaced at 10 m. Using numer-
ical simulations, they found that floating electrodes reduced the
subsurface depth of investigation.

Kwon et al. (2005) investigated the streamer resistivity survey
method. They used floating and water bottom electrodes to find the
minimum electrode spacing and thickness of the water layer which
allows for the best results for different electrode configurations.
Apostolopoulos et al. (2006) used Schlumberger and Pole-Pole
electrode configurations to obtain information about the sedimenta-
tion characteristics under the sea bottom. Allen and Merrick (2007)
analyzed the inversion of towed floating array datasets used for hy-
drogeological studies. They demonstrated that using a floating array
with exponentially spaced potential electrodes provides the maxi-
mum depth resolution. Mansoor and Slater (2007) also used, for
hydrogeological studies, 13 graphite floating electrodes tied from
a paddleboat. They tested different electrode configurations, con-
ventional and non conventional, and applied a modified Wenner-
type array to maximize imaging based on theoretical sensitivity
analysis of the modeled subsurface.

Geological information can be deduced from electrical measure-
ments as demonstrated by Mitchell et al. (2008) using a towed,
floating, equidistant electrode array to identify geologic heteroge-
neities causing the seepage from the bottom of a lake. Kelly et al.

(2009) investigated the capability of towed floating electrical cable
to map a known aquifer recharge zone and to provide hydrological
information and electrical properties of the sediments. The electrical
cable was 156 m long, with two current electrodes followed by nine
potential electrodes using dipoles configuration as described by
Allen and Merrick (Allen and Merrick, 2007). Slater et al.
(2010) used both electrical imaging and distributed temperature
sensing methods to characterize surface water-groundwater ex-
change from a contaminated aquifer to the Columbia River. The
array configuration was made of 13 equispaced graphite electrodes
at 5 m intervals. Rucker et al. (2011) conducted a waterborne re-
sistivity survey with floating dipole-dipole array along the entire
length of the Panama Canal to characterize the types and volumes
of sediments and rocks beneath the waterway.

All of these studies agree that submerged electrodes allow for
better penetration in the bottom sediments, electrode configuration
is strictly connected to the purpose of the survey, and that an opti-
mum a priori choice does not exist. However, from the feasibility
point of view, the use of floating arrays appears preferable and
exponentially spaced electrodes appear to provide the best depth
resolution.

In contrast, references on waterborne magnetic surveys are rare,
while towed submerged magnetometer surveys are more usually re-
ferred to. Magnetic methods have been used on shallow waters
mainly to study magnetic properties of buried structures, to detect
the magnetic susceptibility contrasts within the harbor bottom sedi-
ments, to map contaminated sediments, and detect ferro-metallic
objects buried below the seabed. References on the application
of waterborne magnetic surveys on shallow inland waters to image
deep geological structures appear lacking.

Boyce et al. (2004) used a marine Overhauser magnetometer
towed at a distance of 20 m behind a boat and at a depth of
1-2 m for archaeological surveying. Pozza et al. (2004) used a mar-
ine Overhauser magnetometer towed at a distance of 30 m behind a
boat at less than 1 m depth for environmental surveying and mea-
sured the bathymetry by an echo sounder. Mansoor et al. (2006)
acquired data simultaneously from a conductivity meter and a mag-
netic gradiometer from a paddleboat. The magnetic gradiometer
provided information about the maximum spatial extent of a landfill
within sensitive marsh area, while the conductivity meter data pro-
vided information about the contaminant flux interface from the
landfills to the marsh water. For detecting and mapping ferro-
metallic objects below the seabed in shallow waters Weiss et al.
(2007), presented a system consisting of a magnetic gradiometer
and navigation subsystem, both installed on a nonmagnetic cata-
maran towed by a low-magnetic interference boat, and referenced
the data to a stationary-based ground magnetic station. Finally,
Embriaco et al. (2009) used a marine magnetic survey, measuring
both gradient and total magnetic field (TMF), to search for aban-
doned magnetic objects at the bottom of a harbor near a highly
urbanized area.

Our surveys took advantages of these references and were mainly
made with magnetic and electrical systems. The objectives of the
present work were to acquire and analyze CVES and magnetic data,
combined with GPR, to establish a correlation between the radar
reflections and the magnetic and electrical anomalies and
using water depth to constrain the magnetic and electric data
inversion.
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THE SITE

The lake of Candia (45°19' N, 7°54’ E, 226 m a.s.l.) is an in-
termoraine lake belonging to the morainic amphitheatre of Ivrea,
north of Turin, Italy (Figure 1). The magnificent morphology of
the Ivrea amphitheatre surrounding the lake is due to the elevated
topography and proximity of the plain to its mountain catchment
area. The Dora Baltea Valley (the lake is at its southwest corner)
is a wide (3400 km?) and branched valley system with more than
30 main tributary valleys, bounded by some of the highest peaks of
the European Alps such as the “Monte Bianco” and the “Cervino,”
which are not far from the Po Plain. This basin cuts all the main
structural systems (from the Sudalpine to the Helvetic System) that
form the Alpine range. The Ivrea amphitheatre was built up by the
Balteo Glacier, which flowed through the Aosta Valley during the
Quaternary period. The Balteo Glacier was on average 3 km wide,
around 600 m thick and was spread over 300 km through the Alps.
At its maximum expansion, it extended 25 km into the Po plain with
a width of about 20 km, reaching today’s northern border of the
town of Turin.

The lithology is reflected in the petrographic variety of the glacial
deposits, dominated by metamorphic silicate rocks and subordinate
calcareous clasts. Austroalpine eclogitic mica-schist and gneiss
with eclogite and glaucophanite are prevalent. Serpentinite, amphi-
bolite, prasinite, metagabbro, quartzite, calcschist, and marble from
the Piemontese Zone are also abundant. Diorite and mafic granulite
from the Sudalpine System and many other types of orthogneiss and
granitoids, paragneiss, and mica-schist from all the continental sys-
tems are also present (Gianotti et al., 2008). Among these rock types
those that show relevant magnetic properties (with average suscept-
ibility k > 29,000 x 107°) are the serpentinized peridotites, the
main gabbro-like rocks and some mafic rocks (Belluso et al.,
1990). A borehole (Alice Superiore borehole) drilled about
20 km NNW of Candia Lake (Figure 1) penetrated similar strati-
graphic architecture and provides more detailed information about

5 3
® Alice Superiore/Borehole :
A \

Wkl

Can&ié Lake.

Figure 1. Geographical location of the site.

the top 80 m of the stratigraphic section (Figure 2). The subsurface
consists dominantly of marginal and subglacial till, fluvioglacial,
and proglacial deposits varying from mud-fill dense gravel to coarse
gravel with boulders with coarse sand and blue mud in the lower
parts of the stratigraphic section. A palustrine gyttja layer, made of
peaty brown clay, represents the interstadial episode between the
two glacial events.

The Candia Lake has a surface area of about 1.52 km?, a peri-
meter of about 5.5 km, and an estimated volume of about 7.2 Mm?
with a maximum depth of about 7.5 m. The lake remained after the
Riss Glaciation receded (about 150,000 YBP), settled in a plain that
was eroded by the advancing glacier, and then refilled to a far lower
extent by the glacial deposits of the glacier retreat. According to
Gianotti et al. (2008), the Candia Lake lies on the Piverone allofor-
mation (Late Pleistocene) above the Serra alloformation (end of the
Middle Pleistocene), each one referable to a different glacial epi-
sode. Until about 50 years ago, before an eutrophication process
took place, the white gravels of the lake bottom and the fresh water
columns rising up from underwater springs were visible from the
lake surface. Today, the silts and the vegetation prevent the view
of the lake bottom. The lake has neither affluent nor effluent,
but a small ditch used sometimes for irrigation. Water recharge
is from rains and underwater springs.

DATA ACQUISITION

On 17 May 2010, we acquired 21 magnetic profiles on the
Candia Lake, with a total length of 37.7 km and about 17,000
TMF measurements (Figure 3a). The survey resulted in an average
spacing between the readings of about 2.2 m along the profiles
that we planned to be, on average, 30 m apart (Figure 3a). The ac-
quisition rate was 1 reading/second and it took from 10 to 15 min-
utes to acquire each profile. A GEM GSM19V Overhauser proton
magnetometer was placed 2 m apart from a GPS system “Topcon
GMS2” on a rubber dinghy pulled about 20 m behind the
sailing boat.

To perform a waterborne CVES survey, a georesistivimeter able
to deliver a spatial sampling adequate with respect to both the boat
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Figure 2. Stratigraphic log of the geological environment.
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speed and the required VES density, is needed. Today this could be
accomplished with DC or AC instrument. The AC instruments have
the advantage that the electrode polarization is avoided and, in case
of a relevant number of connected electrodes, the overall acquisition
time is sensibly reduced.

On 17 June 2010, we acquired an electrical survey consisting of
four CVES profiles (Figure 3b) near the shore of Candia lake with a
total length of about 3.6 km and, on average, one VES every 1.5 m.
We used a Pasi Polares georesistivimeter which, given the expected
water depths and resistivities, was suitable with respect to both out-
put power and acquisition rate. We set the georesistivimeter to drive
a sinusoidal potential between the current electrodes at 114 Hz. On
average, the peak current amplitude we read was 350 mA. The geor-
esistivimeter was connected to a GPS system Topcon GMS2 to get
the spatial position of the tracks. The array was made from two
current electrodes near the boat, followed by seven gold-plated

Transect 21

7

=8 gy

Transect 4

Figure 3. (a) Magnetic survey transects; (b) Electrical survey
transects.

potential electrodes. To give the current electrodes a large surface
area, yet preserve an acceptable point source condition, we designed
them with radial fins, while the potential electrodes were simple
cylinders (Figure 4a). The current electrodes, the nearest to the boat,
were 16 m apart; the first potential electrode was 0.5 m beyond the
farther current electrode. The potential dipoles had exponentially
(integer power of 2) increasing separations of 0.5, 1, 2, 4, 8,
16 m (Figure 4b). The towed cable floated on the lake surface be-
cause we tied empty plastic bottles near the electrodes that were
fully submerged. The cable was kept stretched by a floating anchor
fixed at its end.

GPR measurements were acquired contemporaneously with
magnetic and resistivity surveys. We used a K2 IDS georadar with
a Subecho-70 monostatic transceiver antenna, with peak frequency
at 89 MHz. We placed the antenna at the bottom of our fiber-
reinforced plastic boat; a Garmin GPS60, connected to the K2 unit
and nearby the antenna, tracked the GPR traces. We acquired an
average of 10 trace/m, and the trace length was 600 ns with a sam-
pling frequency of 1.7 GHz. Neither filters nor gains were applied
during the acquisition.

DATA PROCESSING AND INVERSION

In this section, we describe the data processing and inversion
techniques used for the different methodologies. We paid particular
attention to the strategies implemented in the inversion of magnetic
and CVES surveys, while standard procedures are used with respect
to GPR data.

b)

A gM1 MZ M3 M4 M5 M6 M7

i ¥
16m " /) ) ~16m_,

- diy v i I 3
M/ //
Boat 0.5m" /f im 2m 4m 8m

0.5m

Figure 4. Electrical cable: (a) a current electrode with radial fins
and cylindrical potential electrodes. Empty bottles kept the cable
floating; (b) electrodes geometry.
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GPR

We processed all the GPR profiles with the software Reflexw
according to the following steps in sequential order: (1) corrected
for the direct arrival delay and applied a dewow filter to eliminate a
very low frequency trend; (2) band-pass filtered with a Butterworth
fourth order filter from 20 to 190 MHz to attenuate both low and
high frequency noise; (3) resampled the traces to obtain a trace in-
terval of 0.2 m; (4) removed background clutter with a spatial high-
pass filter; (5) applied a divergence compensation to recover the
amplitude attenuation due to the geometrical spreading and restore
the strength of reflections from bottom materials; (6) enhanced the
continuity of the reflectors by applying a horizontal running average
over 11 traces that roughly corresponds to a low pass filter that,
giving the spatial sampling interval, attenuates the wavelengths
shorter than 2 m, and finally, (7) picked the first bottom reflection
to estimate the bathymetry of the lake. We used the picks to mute
the upper parts of the radargrams related to water.

Magnetic survey

For the magnetic survey, we first corrected the TMF readings for
the diurnal variation according to the data from the INGV geomag-
netic observatory of Castello Tesino (46°03’ N, 11°39 E, 1175 m.
a.s.l.) north of Trento (Italy). A TMF map was then computed
(Figure 5) by adopting a triangular interpolation process. To obtain
more quantitative information on the depth, size and susceptibility
of the causative bodies of the magnetic anomalies visible at the SE
side, we performed a 2D inversion of the three profiles shown in
Figure 5, even though the magnetic map around the profiles shows
a magnetic body can be defined to be 2D when its strike length in
the direction perpendicular to the profile is at least 10 times its width
(Telford et al., 1990). Therefore, we consider the inversion results
only as rough estimates of the size and depth of magnetic anomaly
sources.

We adopted a 2D constrained, compact, magnetic inversion to
invert the profiles. Our starting point was a software (Stocco
et al.,, 2009) developed from the original approach of Last and
Kubik (1983). The code has been modified so that the thickness
of the water layer drawn from the GPR bathymetry could be used
as a constraint.

Following Bhattacharyya (1964) the water/soil volume beneath
the magnetic profile can be split into Q rectangular prisms that
extend infinitely orthogonally to the profile direction, with X;
the unknown magnetic susceptibility of the jth prism. Using the for-
mula reported in Telford et al. (1990), we were able to calculate at
each of the W measuring points along the magnetic profile the value
t; of the TMF intensity caused by the magnetic fields of all the
prisms, such that

[Y
h=FY K, e
=1

where F is the local Earth magnetic field intensity and K ; repre-
sents a known geometrical function relating the size and the dis-
tance of the prism j from the measurement point i (details in
Stocco et al., 2009). Equation 1, neglecting F, can also be written
in matrix form as

t =Ky, (©))

where t is a column vector with W rows, K is a W X Q kernel matrix
and y is a column vector with Q rows.

In waterborne surveys, however, some of the prisms under the
magnetic profile are constituted by water and the susceptibilities
referring to this subset of prisms {¥}: {7} C {x} is known. We then
used our knowledge of the magnetic susceptibility for these prisms
to force the inversion to “explain” the magnetic anomalies only with
bodies within the sediments.

We performed a preliminary multiplication on the right side of
equation 2 only for the y values, and obtained a vector t related
to the influence of the water layer in the measurements such that

=Ky, 3)

where, at this step, K is the subset of the kernel matrix which
considers only prisms above the lake bottom. In a second step,
we considered only prisms under the lake bottom and inverted:

(e—1) =Ky @)

where (¢ —f) becomes the experimental data stripped of the water
effect, and K and y are, respectively, the kernel matrix and the un-
known susceptibﬁities relative to the prisms below the lake
bottom. In such a way, the values of susceptibilities obtained were
assigned only to prisms within the sediments. The principle of the
compact inversion used (Last and Kubik, 1983) involves minimiz-
ing the area of the source body (maximize its compactness). The
problem is slightly underdetermined and it can be profitably solved
using the weighted — damped least-squares inversion (Stocco
et al., 2009).

We compare the inversion of a synthetic dataset (Figure 6a) with
the proposed approach to an inversion performed using the same
algorithm but not accounting for the presence of water (i.e., invert-
ing directly ¢). In both inverted data, (top of Figure 6b and 6¢c) a
good fitting with synthetic data can be observed. However, the re-
constructed models are significantly different in terms of position of
the anomalies and susceptibility values. Taking into account the
water bathymetry and its influence on the measurements drastically
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Figure 5. TMF magnetic map of Candia lake. The three profiles
where 2D inversions are performed are shown.
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improves the correspondence of the final result with the correct
model. This is particularly true with respect to the identification
of the correct depth and position of the anomalies. This effect is
clearly more evident when the anomaly dimensions compare to
the water thickness or are in the shallow subsurface (e.g., in archae-
ological studies). Similar conclusions have been reached by others
(e.g., Boyce et al., 2004; Faccioni et al., 2003; Pozza et al., 2004)
even if with partially different approaches.

The use of this inversion approach also allowed to partially over-
come the limitations in the number of unknowns (X; of the prisms)
with respect to the number of equations (magnetic field measure-
ments). A compromise, based on the number of prisms used in the
inversion, between resolution and compactness is required. The
number of unknowns should be limited proportionally to the experi-
mental values, while smaller prism dimensions (i.e., greater number
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Figure 6. Inversion of synthetic magnetic data: (a) synthetic
model; (b) inverted model not accounting for the water bathymetry;
(c) inverted model accounting for water bathymetry.

of prisms) are required at least on top of the domain to better fit the
lake bathymetry.

We therefore used two prism sizing criteria. We adopted a more
refined subdivision of the water volume (which influences the num-
ber and typology of elements in K) by using prisms with a constant
reduced height (0.5 m) until the bottom of the lake is reached
(Figure 7). Below the lake bottom the prisms (K) have an increasing
height (geometrical progression) to account for the decay of the
magnetic field and to reach a satisfying investigation depth
(Figure 7). The heights of the first elements under the lake bottom
are determined by considering the actual value of the progression
starting from the water surface. The horizontal extent of the prisms
in both domains is instead constant and equal to about 1/100 of the
length of the profile. An example of the results obtainable by means
of this last approach is shown in Figure 8, based on the synthetic
dataset of Figure 6a. As for the experimental data presented
later, the result of the inversion is depicted with a contour map
of the prisms pertaining only to lake sediments. An even better

[] Kelements

[] xelements

= Bathymetry

Figure 7. Different definition of block heights in the two kernels.
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Figure 8. Inversion of synthetic data: contour map of the inverted
model accounting for water bathymetry with evidence of the syn-
thetic anomalous bodies.
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correspondence with the synthetic model was obtained in terms of
relative susceptibility values.

CVES survey

Before inverting the data we performed some statistical proces-
sing to evaluate the homogeneity of water resistivity and the data
variability with depth. We calculated mean, standard deviation,
median, minimum, and maximum of the apparent resistivity for
each of the six dipoles, over 2290 VES curves. From the results
presented in Figure 9, it is clear that the first three dipoles likely
investigate the water which can be safely considered as electrically
uniform, with values ranging from 60 to 65 Qm. The +1¢ bars per-
taining to these dipoles are in fact nearly invisible. On the other
hand, from the fourth to the farthest dipole the standard deviation
bars increase, as well as the dispersion of the data, as shown by the
diverging minimum and maximum curves. Further information can
be drawn from the bending, toward lower resistivity values, of the
mean and median curves with the increasing of dipole spacing.
These data are expected to give information about the sediments
so that, from this trend, it can be inferred that most of the sediments
underneath the profiles have a resistivity lower than the one of water
and only a small fraction has a higher resistivity. The standard de-
viation bars, in fact, although larger than those of the first three
dipoles, follow the trend of the mean and median curves.

We inverted CVES data along some profiles using an integrated
Laterally Constrained Inversion (LCI) approach. LCI was devel-
oped to invert vertical electrical sounding data along a profile by
Auken and Christiansen (2004), using a pseudo-2D layered para-
meterization. The inversion result of LCI performed on electrical
soundings is a set of 1D resistivity models in which each separate
model corresponds to a sounding (apparent resistivity curve). All
the soundings are inverted simultaneously by minimizing a
common objective function, which contains the data, the a priori
information and the constraints.

The objective function can be expressed as (Auken and
Christiansen, 2004):

- (m [(dops — (m))" CF (o — g(m))]+

1

+[(-R,m)"Cg) (-R,m)] + [(—th)TC.:lpm(—th)})z )

where m is a vector including the parameters relative to all the spa-
tially distributed 1D resistivity models considered in the inversion
process. The vector m is linked to the observed data set d (the
apparent resistivity curves) with the associated observational cov-
ariance matrix Cg,s. The quantity N is the total number of data
points, M is the total number of the model parameters and A is
the number of constraints. The forward problem g(m) is computed
with the CR1Dmod algorithm (Ingeman-Nielsen and Baumgartner,
2006) considering homogeneous horizontal layers. The matrix R, is
the thicknesses and resistivities lateral regularization matrix and Py,
is the regularization matrix relative to the a priori depth. The effec-
tiveness of the R, and P}, matrices depends on the strength of the
constraints described in the covariance matrices Cgp, and Cy_prior
(Auken and Christiansen, 2004; Tarantola, 2005).

Using a deterministic local search approach, the model solution
updated at the (n + 1)th iteration can be expressed as:

m,; =m, + (([GTC, LG+ RECI‘{;RerPECH_IpriOTPh + M1

' [GTC_I:s(dobs - g(mn))+RECﬁ;(_Rpmn)
+ Ph l:»lprior (hprior_thn)])v (6)

where the Jacobian G represents the sensitivity matrix. Considering
the nonlinearity of the problem, the iterative procedure is stabilized
by the Marquart damping parameter A (Marquart, 1963). At each
iteration the global misfit of all the soundings is evaluated (Auken
and Christiansen, 2004). The convergence of the inversion is ob-
tained when the misfit reduction between the current iteration
and the previous one is smaller than a user-defined threshold or
when a predetermined number of iterations has been reached.

The lateral constraints can be applied to neighboring resistivity
models by imposing that thickness and resistivity of the same layer
must be similar. The degree of similarity is ruled by the strength of
the constraints that are set in the Cgp, matrix according to the ex-
pected lateral variability; if lateral variability is small, we can set a
medium or strong constraint and vice versa. Through the lateral
constraints, information from one electro-stratigraphic section
spreads to the neighboring ones, producing a smoothly varying
2D section.

We used the GPR data to constrain the lake bottom depth in the
LCI of the experimental apparent resistivity curves. We present re-
sults relative to profile four (Figure 3b). We computed average VES
curves to obtain a mean and a standard deviation value of apparent
resistivity and to reduce the number of VES and the computational
time of the inversion (the original VES spacing was of 1.5 m along
each profile). We refer to the AB spacing to select the averaging
length. Since the AB spacing was 16 m, we averaged the VES
curves by applying a nonoverlapping moving window over a length
of 15 m; we considered this the lateral resolution within the profile.
According to the selected window length we carried out the average
over 10 curves. Four of these averaged curves are shown in
Figure 10. Each averaged curve provides an apparent resistivity
curve that approximates measured data and is located in the center
of the adopted window. We then considered the standard deviation,
calculated within the moving window, to be the data uncertainty for
the observational covariance matrix C,y. For CVES profile 4 (pre-
sented in the following section) we obtained 65 averaged apparent
resistivity curves.
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Figure 9. Statistics over 2290 measured apparent resistivities. The
error bars correspond to +1a(p, p). Dipole number one is the po-
tential dipole nearest to the boat (fV[l—M2 in Figure 4b), dipole num-
ber six is the farthest (M6-M7 in Figure 4b).
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RESULTS

The GPR survey is mainly a subsidiary tool for the other meth-
odologies adopted. From the processed GPR data we obtained a
bathymetry map of the lake (Figure 11). The depth values are
gridded with triangular interpolation of a 30 X 30 m mesh. The re-
sults pertaining to the other two survey techniques are discussed in
more details below.

Magnetic survey

The magnetic map (Figure 5) highlights three distinct areas of
relatively uniform magnetic field that could be related to different
geological settings. The overall bottom of the lake appears generally
divided into two domains (on the northwest side and on the south-
east side). This distinction appears consistent with the mechanism
of formation of the lake and of the plain sediments because the plain
was refilled by proglacial alluvial deposits during glacier retreat and
by late lacustrine deposits after the formation of the moraine ridges.
As the lake is at the limit between the moraine material and the
refilled material (Figure 12), the separation between these two
zones is evidenced by different values of the magnetic field over
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Figure 10. Comparison of four of the 65 apparent resistivity curves
extracted along profile four; curves locations along the profile are
reported in Figure 16. Electrode distance is assumed to be the dis-
tance between the second current electrode and the first potential
electrode of each dipole.
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Figure 11. Bathymetric map obtained from GPR data.

the lake. The higher intensity of magnetic field on the north-
northeast side of the map could also be partially related to a sec-
ondary glacial terrace that formed after the main glacial retreat, after
the formation of the main moraine ridge, and which also helped the
lake formation. Moreover, a relatively compact high intensity mag-
netic anomaly occurs in the south of the map. This anomaly could
be related to a protruding moraine foot originated from the main
ridges of the moraine. Given its higher magnetic field, it may con-
tain boulders or blocks with greater dimensions with respect to the
surrounding deposits (see also the single profile inversions below).

We show three examples of magnetic profile inversion corre-
sponding to profiles 15, 18, and 20 (Figures 13, 14, and 15).
The 2D condition is not completely satisfied for profiles 18 and
20 (Figure 5) because these profiles cut the main anomaly in the
map. The anomaly has indeed a limited lateral extension so that
possible 3D effects could influence the results. This is particularly
true for profile 20, which is located near the limit of the map. It is,
however, probable that the anomaly also continues to the south of
the map, outside of the lake border, given the postulated continuity
of the moraine. Nevertheless, distinctive features can be noted in the
three inverted profiles and can be correlated to the results of GPR
surveys.

Along profile 15 (Figure 13) a relatively uniform susceptibility
distribution appears coherently with the uniform magnetic field
observed. In profile 18 (Figure 14), a distinctive anomaly occurs
between 500 and 700 m. The location of the anomaly is highly co-
herent with a strong reflector in the radargram that extends in the
same horizontal location and at a depth that roughly matches the top
of the anomaly obtained after the profile inversion. A similar anom-
aly is observed along profile 20 (Figure 15) although, along this last
profile, the main anomaly appears wider (from 300 to 600 m).
Moreover, some reduced secondary irregularities on the top of
the main anomaly are observed, which correspond to the short
wavelength oscillations in the data. We interpret this main anomaly
to be part of a moraine foot (Figure 12). This interpretation is
supported by a morphological feature of the bathymetry map
(Figure 11) because near the central-south part of the lake shore,
the bathymetric lines show a pronounced convexity delineating a
submerged promontory. Such a structure at its upper part, presents
a marked prevalence of pebbles and gravels as also tested by GPR
and CVES results.

CVES survey

We show our resistivity results in Figures 16 and 17. In the LCI
inversion, we chose a three-layer parameterization to account for
three main resistivity units in the sedimentary environment of
the Candia Lake: water being the top layer, a middle layer of silt,
and gravels representing the deepest layer. We focus on the resis-
tivity results obtained for profile four (located in Figure 3b). The
GPR section along this profile highlights a transition zone between
about 750 and 900 m, where there are strong reflections from the
lake bottom (Figure 16d). These strong reflections are related to
gravels that become gradually more superficial from 750 m to
900 m; a key point to be considered while imposing lateral con-
straints in the inversion of the electrical soundings.

In particular, due to the presence of the aforementioned transition
zone, no lateral constraints should be imposed in the middle
layer, which represents sediments just beneath the water. However,
for the water and deepest sediment layer, a lateral homogeneity of
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resistivities is reasonably expected and thus smoothness constraints
to be considered.

We show the results of three different LCIs performed on profile
four varying the degrees of constraint: (a) inversion without any
constraint (Figure 16a); (b) inversion imposing a strong constraint
on a-priori depth of the water-sediment interface referenced from
the GPR bathymetry (Figure 16b); and (c) adding a moderate
strength lateral constraint to the resistivity of the first and third
layers (Figure 16¢). The root mean-square error of the differences
between the field data and calculated data of the final inverted mod-
el varied between 3.8% and 6.9% for all inversions.

The inclusion of a priori GPR information about lake bottom
depth in LCIs (b) and (c) mitigates the nonuniqueness problem
of resistivity data inversion by definition, leading to more stable
and accurate results with respect to the unconstrained inversion
(a). In LCI constraint (c), lateral smoothness constraints are not im-
posed to the second layer to take into account the possible resistivity
discontinuity which is related to the aforementioned transition zone.

We fixed our constraints by requiring that modeled data g(m)
must lie in the confidence interval given by three times the data
uncertainty above and below the experimental data. All modeled
data that lie in this interval are equivalent and acceptable, whereas
modeled data that exceed it artificially smooth the results, and are
not acceptable. LCI constraint (c) respected the confidence interval,
as well as LCI constraint (b) (Figure 17), but it contained a lateral
smoothing in the first and third layers that enforced a reasonable and
expected lateral continuity of resistivities.

The results obtained for the three cases (Figure 16) show that
GPR information, introduced in the LCI in terms of a-priori infor-
mation with the strong constraint (b), drives the positioning of the
water-sediment interface. Applying suitable lateral constraints on
resistivities gives more smoothed results (c). The final electrical
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Figure 15. (a) magnetic anomaly and (b) relative susceptibility con-
tour map produced by the 2D inversion of magnetic profile 20, and
(c) GPR bathymetry profile.

section (Figure 16c) correlates well with the GPR section
(Figure 16d). The apparent resistivity model also defines a resistiv-
ity contrast associated with the gravel — silt interface, as inferred
from GPR data. In particular, in the inverted electrical section, high-
er apparent resistivity values (about 250 Qm) in the east part high-
light the presence of gravel sediments, while westward lower
resistivity values (ranging from about 35 to 45 Qm) correspond
to silts. The mean water resistivity evaluated from the inversions
is about 60 Qm. In this respect, we emphasize that no a-priori in-
formation about water salinity/quality were used in the LCI as
a-priori input.
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Figure 16. Resistivity LCI inversion of profile four with (a) no con-
straints (b) strong constraint on radar bathymetry; (c) strong con-
straint on radar bathymetry and moderate lateral constraint on
resistivity of first and third layers; (d) GPR profile. A, B, C, D refer
to the positions of the averaged apparent resistivity curves shown in
Figure 10; red dots refer to radar bathymetry.
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CONCLUSIONS

We explored the possibilities of retrieving information on the
geological structures beneath a morainic lake by means of water-
borne nonseismic methods.

By means of CVES and GPR data we retrieved information on
the stratigraphy and on the electrical properties of the superficial
bottom sediments while magnetic data helped to elaborate a model
of the geological structures under the lake sediments.

We inverted both CVES and magnetic data using GPR data as a
constraint, thus increasing the reliability of the geophysical ima-
ging. By means of GPR and CVES we identified a gravel-rich area
of the lake bottom that is likely the main hydrological window con-
necting surface to underground waters. Below this area we identify,
from the geomagnetic data, a deep foot of the moraine that bulges
into the lake perimeter and is likely topped by the gravels identified
with the other two methods.

The methodologies we used had some limitations. Due to the se-
diment resistivities, neither GPR nor CVES had enough penetration
to detail bedding while magnetic had not enough resolution.

A multimethods approach including seismic or acoustic subbot-
tom surveys, providing superficial sediments have low reflectivity,
with techniques mutually constrained and integrated, could give a
complete set of information on the sediment bedding and bedrock
structures.
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