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ABSTRACT
Tensor radiomagnetotelluric (RMT) and electrical resistivity
tomography (ERT) data were acquired along 10 parallel lines to
image electrical resistivity of the vadose and the saturated zone
in an area near Trecate, 45 km west of Milan in Italy. In 1994,
the area was exposed to an oil contamination caused by a tank
explosion and has since been subject to monitoring and remediation programs. For the first time, we have examined a 3D
inversion of full tensor RMT data and have compared the results
with 2D joint inversion of RMT and ERT data. First, a synthetic
3D resistivity model with similar variations close to those measured at the Trecate site was generated for the comparison. The
synthetic tests showed that resistivity models from 2D joint inversion of ERT and RMT data contain more details closer to the

INTRODUCTION
With the rapid industrial development and extension of larger cities, a considerable number of environmental problems are caused
mainly by waste disposal. According to Vereecken et al. (2006),
there are about 21,000 identified sites that are located in Europe
and are contaminated through, for example, leakage from waste
water drainages or waste disposal sites or oil spill from oil tank explosions. One method to detect and map the contamination is direct
sampling, which is time consuming, invasive, and costly. Geophysical methods have shown a great potential in mapping contaminated areas and also in follow-up of remediation processes. An
extended list of publication exits on the application of geophysical
methods in ground water and environmental studies. For example,

surface compared to the models from the 3D inversion of tensor
RMT data. High resistivity structures are better resolved by the
2D joint inversion, whereas the more conductive features are
better recovered by the 3D inversion. In the next step, the
ERT and RMT data collected in the Trecate site were modeled
with the same approaches used in the synthetic modeling. Using
the measured tensor RMT data, it was possible to carry out full
3D inversion to study the underlying geology. Comparison between the resistivity models from both inversions with the lithological data from the existing boreholes, resistivity models from
the inversion of crosshole resistivity data, and water content
models from magnetic resonance soundings measurements
showed that the electrical resistivity, depth to the top and thickness of the water saturated zone is modeled more accurately
with the 3D inversion.

Vereecken et al. (2006) provide concepts of hydrogeophysics and its
application in different environmental scenarios. Kirsch (2009) discusses geophysical methods and presents some examples of their
applications in ground water geophysics. In a recent review paper,
Atekwana and Atekwana (2010) analyze the controlling factors in
detecting light nonaqueous phase liquids (LNAPL) using different
geophysical methods. Their main focus was given to examine the
geophysical signature from LNAPL contamination caused by microbial processes in the ground and they also show some examples
from real case studies.
In the last few decades, a vast amount of work has been carried
out to develop algorithms for the 2D joint inversion of multiple geophysical data sets with the aim to obtain more accurate models that
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provide detailed information about for example contamination
zones, aquifer geometry, etc. Vozoff and Jupp (1975) are regarded
as one of the pioneers who jointly inverted two geophysical data
sets. They generated synthetic electrical resistivity and magnetotelluric (MT) data sets from a three-layer model and showed that the
model resolution at certain depths could be slightly enhanced by
including higher frequency MT data, whereas with additional
DC data at larger electrode spacing, no improvements could be
achieved. This joint inversion scheme was then applied to an electrical resistivity and magnetotelluric data set collected in a shallow
sedimentary basin. Lines et al. (1988) describe the concepts of cooperative interpretation of multiple geophysical data by referring to
the paper by Golizdra (1980) where three different approaches for
the inversion of gravity and seismic data sets were evaluated: Separate inversions (no coupling), unified inversions (coupling between physical properties, e.g., density and seismic velocity),
and mixed inversions (assuming a relationship between the models
or structures in the models). Lines et al. (1988) call the latter joint
inversion. Haber and Oldenburg (1997) assumed that joint inversion
of multiple data sets should yield the same structure and accordingly defined a structure operator that makes use of local gradients
or curvature of the model parameters. They then minimized an objective function that is sum of squares of differences between the
curvatures of the two models subject to fit both data sets to a predetermined level. Integrated use of radiomagnetotelluric (RMT) and
electrical resistivity tomography (ERT) data in the form of individual 2D inversions (Seher and Tezkan, 2007) for characterization of
conducting soils and joint 2D inversions (Yogheshwar et al., 2012)
for imaging contaminations in groundwater are also reported. Candansayar and Tezkan (2008) introduced an algorithm for the joint
inversion of ERT and RMT data using smoothness constraints and
found that RMT data are less sensitive to the near surface resistivity
variations due to the use of a limited frequency range, while ERT
data have a relatively high resolution for near surface resistivity

structures. On the other hand, RMT data carry more information
about deeper structures than ERT data. Therefore, when the two
data sets are jointly inverted, more details over a wider depth range
can be extracted from the resistivity models.
Three-dimensional inversion of magnetotelluric data, on the
other hand, is still in its infancy and is mostly applied to resolve
crustal structures (Newman et al., 2000; Farquharson and Oldenburg, 2002; Heise et al., 2008; Zhdanov et al., 2010).
In this study, we compare the results of 2D joint inversion of synthetic and field ERT and RMT data, following the approach of
Kalscheuer et al. (2010), with the individual 3D inversion model
of RMT data using the WSINV3DMT code by Siripunvaraporn
et al. (2005). The synthetic tests were based on the field data that
were acquired in the Trecate area close to the city of Milan in Italy
as part of the SoilCAM project.
The Trecate site is a part of an area that is heavily contaminated
by an oil spill. Resistivity models from 2D inversion of crosshole
resistivity data collected in a pair of existing boreholes are compared to the 2D joint ERT-RMT and 3D RMT resistivity models
to further validate the correlations and accuracy of each model.
Finally, the 3D resistivity model is compared to the lithological information collected in the boreholes to make a quasi 3D lithological
imaging and some hydrological interpretation.

STUDY AREA
The survey area is part of the Po river aquifer in the Trecate area,
Piemonte region, Italy (see Figure 1). In 1994, the site was the scene
of an inland crude oil spill after an ENI-Agip operated exploration
well blew out (Cassiani et al., 2004). The incident resulted in approximately 15;000 m3 of middleweight crude oil released over the
land that partly infiltrated into soil and groundwater. Immediately
after the accident, a control network of piezometers was established
to monitor the groundwater contamination (Figure 1). The primary
network (indicated with the letter “P” in Figure 1)
covered a rather wide area of about 20 km2 .
The results of a first data analysis led to a limitation of the extension of the investigation area
to 2.5 km2 and the installation of a set of new
piezometers in the contaminated area. Those
piezometers, marked with the letter “B” in
Figure 1, were installed along two perpendicular
lines that were located across the axes of the
maximum development and of the highest lateral
dispersion of the contamination plume extending
also to areas of unpolluted groundwater. We have
used the information of the collected lithological
samples in the network to describe the geology in
the area.

Geology

Figure 1. Location of the study area in Italy. ENI TR24 is the blown-up oil well.
Location of piezometric boreholes for groundwater monitoring are shown with black
triangles and marked with numbers/letters.

The Po river plain aquifer at Trecate comprises
an extensive, unconfined sand and gravel unit in
excess of 60 m thickness beneath the site. The
site stratigraphy is characterized by a thick sequence of poorly sorted silty sands and gravels
in extensive lenses, typical of braided river
sediments. An artificial layer of clayey-silty material, less than one meter thick and originally
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laid in place as a liner for the rice paddies, overlies most of
the site.
The area is characterized by alluvium, fluvio-glacial, and fluvial
sediments, the hydrogeologic properties of which are dependent
upon stratification, texture, age, and degree of alternation. In
Figure 2, we show the stratigraphical descriptions in a few P
and B points (based on the information provided by Politecnico
di Torino). The information from the collected samples shows alternation of gravel in a silty sandy matrix and silty/sandy layers, down
to a depth of more than 10 m. Gravel seems to be present almost
everywhere, while silty sand layers are rather thin in most of the
samples. Longitudinal overviews are provided by stratigraphical
data in points B-D, P16, B-E, P23, P18, and, respectively, B-J,
B-N, B-O, B-P.
Thin layers of silty sand with gravel and thick layers of gravel in a
silty — sandy matrix alternate in points B-D and B-E, while gravel
is dominant under the top soil layer in points P16, P18, and also under
silty sand in points B-D, B-E, P23 (Figure 1). A thick layer of sand
with gravel is present in points B-D and P23. While gravel is found
even in the top layer in point B-J, the top layers consist mainly of
sandy silt, sand, and silty sand, in points B-N, B-O, and B-P with
some gravel. There are also some rather thin sand layers with gravel
that alternate with the dominant gravel layers in a sandy matrix in
points B-O and B-P. Similarly, the stratification in the transverse direction (points B-H, B-I, B-J) is dominated by gravel in a silty sandy
matrix from shallow depth down to more than 6 m.

Hydrology and contamination
The study site is located in an agricultural area (see Figure 1),
with corn fields and rice paddies (Bazzani et al., 2004). Measurements of the hydraulic properties, namely the hydraulic conductivity, transmissivity, and specific yield show an average value of
56.5  5.1 m∕d, 2700  240 m2 ∕d, and 0.29,
respectively. The groundwater level at the site
has a seasonal fluctuation between 6−13.5 m below ground level, with higher levels occurring
during the summer period because of surface recharge from agricultural irrigation. The main
zone of the hydrocarbon contamination covers
approximately 96;000 m2. Part of the hydrocarbon is dissolved in the water and created a
contaminant plume. However, the dissolved
hydrocarbons (measured as TPH — total
petroleum hydrocarbon — concentration) are
detectable only at a relatively small distance from
the source, in spite of the high conductivity of the
sand and gravel aquifer. Biodegradation is the
cause of this rapid removal of contaminants from
the aqueous phase.

contaminants has been detected in the groundwater samples taken
in the area. The remaining hydrocarbons form a thin film on top of
the groundwater surface. Due to the seasonal variation of the water
level and higher viscosity of the hydrocarbon, it migrates slower
than the water in the porous media above the lowered groundwater
surface and forms the so-called “smearing zone.” We carried out a
series of geophysical measurements including ERT and RMT to image the 3D electrical resistivity distribution below one of the most
contaminated areas (see Figure 1) and to test the feasibility of each
method in detecting the smearing zone. In the ERT method, a direct
current (DC) is injected into the ground using a pair of electrodes
and at the same time the voltage difference is measured by another
pair of electrodes. The apparent resistivity of the ground can then be
estimated as the product of a geometric factor (that depends on the
electrode configuration used) and the measured resistance (voltage/
current). Dahlin and Zhou (2004) present a detailed comparison between 10 different electrode configurations used in the ERT measurements for imaging electrical resistivity. In this study, the ERT
data were acquired by Politecnico di Torino (POLITO) along 10
parallel lines of 96-m-long (marked as L1 to L10 in Figure 3) using
a Wenner electrode configuration (see Dahlin and Loke, 1998) and a
minimum electrode spacing of 2 m using a Georesistivimeter Iris
Syscal Jr, with a multipolar cable connected to the stainless steel
electrodes. The ERT data were evaluated to identify and reject noisy
data. This procedure was partly done by visual inspection and partly
by an iterative check of rms data misfit when carrying out individual
2D ERT inversions.
The RMT data were collected following the ERT lines using the
EnviroMT instrument (Bastani, 2001; Pedersen et al., 2005) with a
station spacing of 10 m and 11 stations per line. Data collection
was performed by two persons and took four days. In the RMT
method, distant radio transmitters that operate in the frequency

GEOPHYSICAL METHODS
Ten years after the incident, most of the
impacted area was returned to farming use.
Two parcels remained to be treated: the farmland
just south of the well and the well site itself.
Contaminated soils were removed and treated
in biopiles. Even after the remediation processes
were carried out, a considerable amount of
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Figure 2. Soil stratigraphy in the piezometric boreholes in the Trecate site.
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range 15 − 250 kHz (Bastani and Pedersen, 2001; Pedersen
et al., 2006) act as the signal sources. The measured electric and
magnetic field components from these signals are related to each
other via the Earth’s magnetotelluric impedance. This relationship
is linear (in the narrow frequency band used) and can be simply
expressed in the frequency domain as


EðfÞ ¼ ZðfÞHðfÞ

with




Ex ðfÞ
H ðfÞ
¼ ZðfÞ x
; (1)
Ey ðfÞ
Hy ðfÞ

where E and H are the Fourier transforms of the measured electric
and magnetic fields, respectively, f is the transmitter frequency, and
Z is the impedance tensor. For each frequency, Z is a 2 × 2 complex
matrix


ZðfÞ ¼

Zxx ðfÞ
Zyx ðfÞ


Zxy ðfÞ
:
Zyy ðfÞ

(2)

The spectral data (auto- and cross powers of the electric and magnetic field) were processed with the extended expansion of the impedance tensor using the truncated singular value decomposition
(TSVD) technique developed by Bastani and Pedersen (2001) to
correct for possible noise effects and the irregular distribution of
transmitters in azimuthal and frequency range. One very important
advantage of the EnviroMT system is that it provides the data as the
complete impedance tensors which has enabled us for the first time
to carry out a full 3D inversion of tensorial RMT data.

2D AND 3D INVERSION

Figure 3. Location of ERT and RMT lines (L1-L10) measured at
the Trecate site. The arrows marked with X and Y indicate the direction of the local coordinate system used to show the resistivity
models.

Figure 4. The synthetic 3D resistivity model made for the comparison of 2D individual inversions of RMT data, 2D joint inversions
of ERT and RMT data, and 3D inversions of RMT data.

The presented 2D joint inversion of ERT and RMT data were
performed with the algorithm EMILIA (Electro-Magnetic Inversion
with Least Intricate Algorithms) by Kalscheuer et al. (2010) using a
smoothness-constrained scheme. The code for the RMT forward
and sensitivity calculations is based on the REBOCC program developed by Siripunvaraporn and Egbert (2000). The code for the 2D
ERT forward and sensitivity calculations is based on the finitedifference scheme by Dey and Morrison (1979).
In the joint inversions, individual weights need to be assigned to
the different data sets. Without such data weighting, joint inverse
models are typically dominated by the data set with the highest
number of data (Candansayar and Tezkan, 2008; Kalscheuer
et al., 2010). If, for instance, the number of DCR data outweighs
the number of RMT data by a factor of five, the joint inverse model
derived without data weighting might strongly resemble the model
from the DCR single inversion and the RMT data might be poorly
fitted, while a low overall rms is obtained solely on account of the
well fitted DCR data set.
We implemented data weights as factors on the data errors that
multiply onto the respective field data, forward responses, and entries of the sensitivity matrix. As an improvement over the original
code by Kalscheuer et al. (2010), we additionally require optimal
data fit to correspond to total and data set wise rms errors of one
even after weighting. To achieve this goal, we employ scaling factors to the rms errors that are computed from the sum of the respective squared weights and number of data. Ideally, the weighting
factors would be determined automatically based on, for instance,
the number of data points of each method or the two-norm of the
Jacobians of the individual data sets. However, we found the differences in the nonlinear natures of the RMT and ERT forward problems to be too severe to allow an automatic algorithm to be
effective. Also, defining an optimal level of data fit for each data
set is highly dependent on the trustworthiness of the employed data
errors, which are often established as rough estimates. Hence, we
determine the weighting factors with a trial-and-error procedure
where a first estimate of the weighting factors is based on the number of data of the individual data sets.
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Newman et al. (2003) were the first to apply 3D inversion on
scalar RMT data. Available for the academic community and used
in this study is a single processor version of the algorithm
WSINV3DMT by Siripunvaraporn et al. (2005), which is a model
space based Occam-like minimum-structure inversion scheme.
All elements of the impedance tensor can be incorporated. When
applying 3D inversion, it is no longer necessary to meet any dimensionality assumption. Additionally, local inhomogeneities can be
accounted for in the model by proper discretization, whereas in
the 2D case, only those along the line direction can be taken into
account and resulting 2D models can suffer from distortion effects.

SYNTHETIC EXAMPLES
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ERT:RMT ratios of 1:1, 1:3, 1:5, and 1:20, and we used a ratio
of 1:3 where the individual and overall rms were very close to
1.0. In individual and joint 2D inversions, the horizontal and vertical
smoothing weights had to be determined in a trial-and-error procedure, such that the synthetic data could be fitted to an rms of 1. For
the predominantly layered structure dealt with in this case, a ratio of
3:1 of horizontal to vertical smoothing yielded similar rms errors of
about 1.0 in single and joint inversions.
For 3D inversion of the RMT data, the starting and prior models
were homogeneous half-space. An rms of one was already achieved
after three iterations.
To compare the results to the true resistivity models, we have
compiled the resistivity models from all three inversions in Figure 5.
The comparison shows that:

A synthetic 3D resistivity model (Figure 4) was constructed to
study and to compare the results of (1) individual 2D inversion
of RMT, (2) joint 2D inversion of RMT and
ERT data, and (3) 3D inversion of RMT data.
Table 1. Model discretization parameter used to generate synthetic RMT and
The simulated resistivity variations were selected
ERT data.
according to the resistivity models from the
single 2D inversions of ERT and RMT data collected in the study area (shown later). We have
Method
RMT
ERT
used a local coordinate system where þY indicates east and þX is toward north. The synthetic
Code used
WSINV3DMT
Res3dmod
model has a background resistivity of 100 Ωm. A
Cell size
dx ¼ 5 m, dy ¼ 4 m
dx ¼ 1.25 m, dy ¼ 2 m
gently (17°) south-dipping 30 Ωm structure is
Spacing between points
x ¼ 10 m, y ¼ 8 m
x ¼ 2.5 m, y ¼ 4 m
overlain by a 10-m-thick north–south striking
Stations in middle of cell
Electrodes on cell nodes
1000 Ωm resistive layer in the western part of
Dimension of model
31 × 31 × 28 (105 sites) 80 × 36 × 28(41*19 electrodes)
the model. The resistive layer is truncated in
the middle of the lines and can be considered
as a coarser sand/gravel layer. At the surface,
there is a 1 m overburden with the background
resistivity that may represent dry agricultural
soil. The conductor starts at 10 m depth in the
north and dips toward the south, where its upper
boundary is located at 35 m and can simulate a
sandy-clay or a more permeable layer.
The forward calculations for the RMT data
were performed with WSINV3DMT (Siripunvaraporn et al., 2005), whereas for the geoelectrical
data Res3dmod (by Geotomo software, Loke and
Barker, 1996) was used. The latter is also a finite
difference code. ERT data were modeled in the
Wenner configuration.
Table 1 contains more detailed information
about the model discretization for RMT and ERT.
Prior to the inversion, 5% and 3% random
noise was added to the RMT (relative to the absolute value of the impedance) and ERT data
(resistivity), respectively. Apparent resistivity
and phase of the synthetic RMT determinant impedance data (Pedersen and Engels, 2005) were
inverted in 2D using an error floor of 5% on apparent resistivity and 1.4° on the phase data, individually and jointly, with the synthetic ERT
Figure 5. Comparison between the resulting resistivity models from different inversions
data. A homogeneous half-space was used as
tested on the synthetic data generated from the resistivity model shown in Figure 4. First
column shows the true resistivity models along lines L4, L6, and L8. The second, third,
the starting model.
and fourth columns, respectively, show the resistivity models from the 2D inversion of
To derive the optimum models and to equally
determinant RMT data, the joint 2D inversion of determinant RMT and ERT data, and
fit the data in the joint inversion approach, the
the 3D inversion of impedance tensor of RMT data. The boundaries of resistive and
two data sets were weighted with different
conductive features of the true model are shown by dashed black and white lines.
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1) The individual 2D RMT inversion models resolve the depth to
the top of the 30 Ωm below the 1000 Ωm block better than the
other two inversions.
2) The joint RMT þ ERT models have a more accurate estimation
of the resistivity of the 1000 Ωm block (when using only RMT
data, resistivities are underestimated) and also resolve the thin
100 Ωm overburden on top of the resistive block better than the
other two inversions. This is caused by the limited signal frequency RMT data, which does not allow for a better resolution
at the surface.
3) Individual 2D and 3D RMT inversions have a more accurate
estimation of the resistivity of the 30 Ωm dipping layer.
4) The boundaries in the resistivity model from 3D inversion correlates best with those from the true model.
5) The 2D joint inversion models are more scattered at the surface.
That is most probably because of the higher sensitivity of the
ERT data at the surface (which results in fitting to noise). These
models show an overestimation of the depth to the top of the
third layer below the 30 Ωm layer. The best estimates are from
the 2D RMT models.
6) The 2D RMT models show some artifacts at the contact between the 1000 Ωm block and 100 Ωm layer at the surface
(close to 50 m easting).
With the results of the synthetic study, we do not expect to be able
to resolve a thin smearing zone below 10 m very well. Nevertheless,
the upper boundary of an aquifer below such a zone can be reasonably well imaged.

FIELD DATA
For the 2D individual RMT data and joint 2D ERT+RMT data
inversion, a 3:1 horizontal to vertical smoothing and an error floor
of 2.5% was used. The achieved overall rms had a variation along
lines from 1.1 to 2.0. The ERT and RMT data collected at the
Trecate site were inverted by nearly the same procedures used in
the inversion of the synthetic data.
For convenience, in the 3D inversion, the reference frame was
rotated by −15° into a local coordinate system with the y-axis along
the measured lines and x-axis between the lines (see Figure 3 where
x- and y-directions are indicated by two black arrows). The model

Figure 6. Resistivity model from 3D inversion of RMT data at the
Trecate site.

space was divided into 31 × 31 × 28 cells; horizontal cell sizes (5 m
along and 4 m between lines) were designed in a way that the site
locations were placed in the middle of cells with one extra cell between neighboring sites. The vertical discretization increased with
depth, starting with 0.5 m.
In the 3D inversion of the tensorial RMT data, we included data
from 104 sites (excluding five noisy sites on line L6) each containing nine frequencies and eight responses (all four complex impedance tensor components), in total 7488 data points. An error
floor of 5% (of the main impedance elements) was applied. The
starting model was a homogeneous half-space of 100 Ωm. We
tested different smoothness constraints to investigate the upper
boundary to the conductor, applying different model length scales,
vertical smoothing, and finer vertical discretization. The final model
with a vertical to horizontal ratio (both in x- and y-directions) of
101∕2 resulted an overall rms of 1.5, indicating a fairly good data
fit. The resistivity model from the 3D inversion of RMT data is
shown in Figure 6. The more conductive layer at depths below
10 meters is interpreted to represent the saturated zone, while
the zone above is the vadose zone.
Figure 7 is an illustration of the acquired RMT data and the data
fit from 3D inversion where the real and imaginary components of
impedance tensor (see expression 2) at four stations are shown (see
Figure 8 for locations). The impedance elements are scaled by a
factor of ð2πμ0 ∕fÞ1∕2 to have more dynamic range, which makes
them having a unit of square root of Ωm. The data at station 10, line
1 (L1:S10) show more scatter and the inversion has not provided a
good data fit. This might be caused by the noise originating from the
nearby road (see Figure 3). The data quality and data fits are reasonably good at the other stations. The map of data fit is presented in
Figure 8 as an averaged rms over the main impedance elements for
each station and four selected periods. Only the highest frequency is
less well fitted (see also Figure 7), probably indicating the influence
of high frequency noise that might have a source related to the smaller road located in the northern part of the study area (see Figure 3).
In this part of the paper, we compare the results from the 2D joint
inversion of ERT and RMT data with those from the individual 3D
inversions. We show the resistivity sections from the 3D resistivity
model where they coincide with the ERT þ RMT lines. Figures 9a
and 9b depict eight resistivity sections extracted from the 3D model
along lines L3–L10 (shown in the left panels) and their corresponding resistivity models from the 2D joint inversion (models in the
right panels).
As discussed earlier, the main lithology at the Trecate site can be
described by three main layers (see discussions in the “Geology”
subsection). Variations seen in the resistivity are probably related
to the changes in the lithology and the water content.
Both 2D and 3D resistivity models show a thin low resistivity
(with resistivities as low as 30 Ωm) layer at the topmost part that
thins out toward the south. This layer can be interpreted as silty —
sandy top soil layer with organic material (see Figure 2). Models
from the 2D joint inversions show more detailed variations
compared to the 3D models, due to mainly two factors: First,
The ERT data with a 2 m electrode separation have higher resolution and therefore contain more information at the shallower surface
than the RMT data as seen in the synthetic study. Secondly, RMT
has less sensitivity to resistive structure than ERT. A similar effect
can be seen in the resistivity models shown by Yogeshwar
et al. (2012, Fig. 3) where they compare the resistivity models from
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individual 2D inversions of ERT and RMT data along two lines.
Furthermore, the resolution at the surface is determined by the highest available source frequency, which, in this case, was limited to
250 kHz.
A considerably more resistive layer, between about 1 to 15 m
depth, thickening toward west–southwest and with resistivities between 300 and 3000 Ωm, underlies the first layer. It can be identified throughout the whole area, although its resistivity and thickness
vary. This layer might represent some coarser sediment, namely the
gravel shown in Figure 2. The resistivity of this layer is generally
estimated to be higher in the 2D joint inversion models than in the
3D RMT inverse model. This second layer appears thicker in the 2D
joint inversion models than the 3D RMT inverse model, which
might be due to the reduced sensitivity of the ERT data to the lower
resistivity below (see synthetic examples shown in this study,
Yogheshwar et al., 2012, and also discussions made by Kalscheuer
et al., 2010). The third layer, that most probably can be associated
with the saturated aquifer, has a considerably lower resistivity than
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the overlying layers and is located at a depth greater than 10 to
15 m. According to lithological logs, more silty sands have been
detected below a depth of 10 m. The third layer is located deeper
in the 2D joint inversion models than in the resistivity models from
the 3D inversion. To validate the estimated depth to the third layer,
we have used the estimated water content from 2D modeling of
magnetic resonance sounding (MRS) data collected in the area
(see Figure 11).
As seen from Figure 11, below a depth of 14–20 m (marked by
the first and second red line) the water content increases considerably. This contrast can be considered as the top of the saturated
zone. The second red line marks the bottom of this zone of high
water content. Below this level, the estimated water content drops
considerably. Comparing the water content model with the resistivity models from the 2D and 3D inversions, we deduce that the low
resistivity zone, namely layer three, coincides very well with the
highest water content zone, especially in the models extracted from
the 3D resistivity models.

Figure 7. The acquired RMT data at four stations superimposed by the response of 3D RMT resistivity model in Figure 6. For each station we
show four plots of the real (circles) and imaginary (pluses) parts of impedance elements (Zxx , Zxy , Zyx , and Zyy ) and their corresponding error
versus frequency. The full and dashed lines indicate estimated real and imaginary parts of each element, respectively. The numbers in the black
boxes (in Zxy plots) indicate the line and station numbers. Note that the real and imaginary parts are weighted by ð2πμ0 ∕fÞ1∕2 where μ0 is the
vacuum permeability and f is the transmitter frequency.
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Figure 8. The rms data fit of the 3D inversion of tensorial RMT data for four selected
frequencies at Trecate. The rms values are depicted per station and averaged over the
real and imaginary parts of the main impedance elements taking the used error into
account.

Results from the 2D inversion of crosshole
ERT data collected in boreholes B-S3 and BS4 (see Figure 10 for the locations) are available
for comparison with the corresponding section of
the 3D RMT resistivity model along line L1. As
it becomes evident, the resistivity models from
the crosshole ERT and 3D RMT inversions show
a good correlation. Two distinct features to point
out in the crosshole ERT model are the more resistive zones at a 4–10 m depth and the underlying lower resistivity zone. The depth and resistivity estimates in the crosshole model and 3D
RMT model are very similar. Some differences
between the two models can be explained by
the fact that a higher resolution exists in the
crosshole ERT data.
We conclude that the 3D RMT resistivity model can be used as a reasonably accurate tool to
image the geometry of unsaturated and saturated
zones, namely the vadose zone and the aquifer, in
three dimensions. However, the derivation of
such a model with inversion techniques is a subjective process due to the ambiguity of equivalent
inversion models using different inversion
parameters like regularization and smoothness

Figure 9. Comparison between the resistivity models from 3D inversion of RMT data (left panels) and 2D joint inversion of ERT and RMT
data (right panels) at the Trecate site, along (a) lines 3 to 6 and (b) lines 7 to 10.
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constraints. The model, when combined with the other information
as for example water conductivity, can provide useful information
about the variation of porosity in 3D. Because the clay content at the
Trecate investigation site is very low (see borehole logs shown in
Figure 2), using Archie’s law on the 3D electrical resistivity model
can result in a good approximation to construct a 3D porosity model.
To facilitate understanding of the geometry of these layers/
zones, we have emphasized those cells that have resistivities within a given resistivity range. This range of resistivity variations may
in turn be related to a change in the lithology or in the water saturation/content. To provide a more clear interpretation, we show
in Figure 12 four iso-resistivity surfaces of 300 and 1000 Ωm, as
well as 50 and 100 Ωm to image in 3D the morphology of the
unsaturated and saturated zones, respectively. As can be seen,
the unsaturated zone is thicker in the central part and deepens toward the south. This is in good agreement with the borehole information shown in Figure 2, indicating that the coarse grain
gravel layer is thicker in boreholes B-J and B-N than in borehole
B-I. Thickness of the water saturated zone reaches its maximum at
the center of the study area. One should observe that even though
the area is flat the upper boundary of the saturated zone (or
100 Ωm iso-surface) is uneven. This might be due to the presence
of capillary fringe zone that is defined as a subsurface layer/zone
where the capillarity of the pores and cohesion between water molecules give rise to the upward movement of groundwater and
form a nearly saturated zone (Heath, 1983). In the zone above
groundwater level, changes in porosity/lithology control the geometry of capillary fringe. Heath (1983) presents in a table (page
16) the approximate height of capillary rise in granular material
where the rise can vary between 12 to 40 cm in coarse to fine sand
above groundwater surface.
Based on the borehole data collected by POLITO, the measured
water conductivity is in the range of 450–620 μS∕cm, with a
decrease from the top of the saturated zone to the deeper level; these
values are equivalent to water resistivity of 16–22 Ωm. This leads to
an estimate in the saturated zone of the bulk conductivity in the
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range of 75–100 μS∕cm or 100–135 Ωm (soil porosity ¼ 0.4;
Archie parameters: a ¼ 1, m ¼ 2).
Considering this information and the structure shown in
Figure 10, it is possible to make an estimate of the porosity variation
in 3D to be used for transport modeling.

Figure 10. Two-dimensional distribution of water content
(1 ¼ 100%) from 2D inversion of MRS data collected along a
line in the Trecate site (location of the stations are shown in the
top panel). The red lines indicate zones with higher gradient of
water content. Note that the deeper zone below 40 is very uncertain
because of very low signal-to-noise ratio.

Figure 11. A comparison between the resistivity
models from the 3D inversion of RMT data and
2D inversion of crosshole ERT data at the Trecate
site. The part of 3D model that coincides with
the area within the two boreholes is enlarged to
be compared with the borehole cross section.
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Figure 12. Morphology of saturated and unsaturated zones estimated from 3D RMT resistivity model in the Trecate area.
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