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Abstract: The geoelectrical features of the Travale geothermal field (Italy), one of the most productive
geothermal fields in the world, have been investigated by means of three-dimensional (3D) magnetotelluric (MT) data inversion. This study presents the first resistivity model of the Travale geothermal
field derived from derivative-based 3D MT inversion. We analyzed MT data that have been acquired
in Travale over the past decades in order to determine its geoelectrical dimensionality, directionality,
and phase tensor properties. We selected data from 51 MT sites for 3D inversion. We carried out
a number of 3D MT inversion tests by changing the type of data to be inverted, the inclusion of
static-shift correction at some sites where new time-domain electromagnetic soundings (TDEM) were
acquired, the grid rotation, as well as the starting model in order to assess the connection between the
inversion model and the geology. The final 3D model herein presents deep elongated resistive bodies
between the depths of 1.5 and 8 km. They are transverse to the Apennine structures and suggest a
correlation with the strike-slip tectonics. Comparison with a seismic velocity model and well log data
suggests a highly-fractured volume of rocks with vapor-dominated circulation. The outcome of this
study provides new insights into the complex geothermal system of Travale.
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1. Introduction
The magnetotelluric (MT) method is commonly employed to investigate deep geothermal resources as it can characterize the electrical resistivity of deep geothermal system
structures [1–4]. Over the last decades, much research has focused on 3D MT modeling and
the development of 3D MT inversion codes (e.g., [5–14]). Some of these codes and tools
have been made available to the electromagnetic academic community (e.g., [8,15]). Moreover, the rapid improvement of computational resources has encouraged the widespread
adoption of computationally demanding methods such as derivative-based 3D inversion
algorithms and global optimization techniques [16–19]. Currently, 3D MT inversion is
of pivotal importance to providing new insights into the distribution of the electrical
resistivities encountered in geothermal systems [6,20–23].
The Larderello-Travale geothermal area (LTGA) is located in Italy (southern Tuscany).
It is here where electrical power production and delivery from geothermal resources first
began, in 1913, with the first 250-kW geo-thermoelectric unit in the world [24]. The LTGA
has been extensively studied over the years and has been classified as a convective (vapordominated) and intrusive (magmatic heat source) geothermal play type [25,26]. In fact,
in southern Tuscany, the magmatic activity and geodynamic setting gave rise to a vast

Remote Sens. 2022, 14, 542. https://doi.org/10.3390/rs14030542

https://www.mdpi.com/journal/remotesensing

Remote Sens. 2022, 14, 542

2 of 25

geothermal anomaly, to which the LTGA belongs. The heat source of the Larderello and
Travale fields is related to shallow igneous intrusions belonging to the Tuscan Magmatic
Province. The origin of this magmatic activity can be related to the west-dipping subduction,
delamination, and eastward rollback of the Adriatic lithosphere [27] and references therein.
Given the nature of the heat source, the polyphase tectonic evolution and the physical
and chemical conditions, the Larderello-Travale geothermal system presents a complex
distribution of electrical resistivity [3,28,29].
Numerous geophysical surveys have been carried out in the LTGA over the last few
decades, such as MT campaigns [28,30–32], reflection seismology [33], gravity measurements [34], and electrical resistivity tomography [35]. However, some of the geological,
thermodynamic, petro-physical, and chemical features of the LTGA are still under investigation or debate [36].
Even though the LTGA is regarded as a single geothermal region, several differences
occur between the Larderello and Travale sectors. The main geophysical surveys that have
been carried out on Travale consist of 2D and 3D seismic reflection data [33,37], passive
seismic observations [38,39], time-domain electromagnetic (TDEM), and MT studies [29].
Although MT data have been acquired for exploration and research purposes, to date no
work has focused on the 3D inversion of these MT data. The existing literature reports only
2D inversion results, which represent a simplified interpretation of these MT data, which
clearly show 3D behavior [29,40]. Moreover, a few decades ago 3D inversion and forward
modeling codes were in their infancy and were excessively computationally expensive [41].
The aim of this work is to provide new insights into the geoelectrical features of
the Travale geothermal field (the easternmost sector of the LTGA) by means of 3D MT
inversion, taking advantage of the information obtained from the full impedance tensor
and the vertical magnetic transfer function (i.e., tipper). We examined the MT datasets that
have been acquired in Travale over the past decades in the frame of research projects and
industrial exploration surveys. To ensure a complete understanding of the data, a new
analysis was needed to determine the geoelectrical dimensionality and directionality, strike
direction, and phase tensor properties. A number of inversion tests were performed with
different parameters in order to assess which model best fits the data (given the equivalence
of the solutions), while being in agreement with the known geology. The majority of the
inversion tests considered the impedance tensor, or only its off-diagonals, free from staticshift corrections. One inversion test considered part of the MT sites corrected for static shift
by means of new TDEM measurements, with the aim of assessing if this correction could
improve the 3D models. Finally, the model that best explained the data and the geology
was selected for discussion and interpretation, while the others are provided for reference
in the Supplementary Material.
The 3D MT inversion was performed using the code ModEM [9,15] with the support
of 3D-GRID Academic (a supporting tool kindly provided by N. Meqbel). The final 3D
model was compared with other subsurface data and with models from the literature by
using the software Petrel (developed by Schlumberger for geological modeling). Herein,
we present the first 3D electrical resistivity model of the Travale geothermal field resulting
from derivative-based 3D MT inversion.
2. The Travale Geothermal Area
The LTGA is a high-temperature deep geothermal system located in southern Tuscany
(central Italy), covering a surface area of 400 km2 [42]. The towns of Larderello and Travale
are around 15 km distant from each other and give their names to the two main geothermal
fields of the system (Figure 1). The LTGA represents one of the most productive geothermal
areas of the world. In 2018, the total capacity of electric power production was 795 MWe
from 29 geothermal plants [43]. Conventional vapor-dominated reservoirs have been
exploited, while deep supercritical conditions are being explored in the Larderello field
(IMAGE project—EU FP7 [44]; DESCRAMBLE project—EU H2020 [45]).
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Figure 1. The Larderello-Travale geothermal area. The 86 MT sites are located in the study area
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The geological framework of the Travale area is well documented [33,47,54,55].
Figure 2a reports a simplified geological map of the Travale geothermal area based on data
from the Tuscany regional website (Geoportale Geoscopio website [56]). Figure 2b shows
a NW-SE-oriented schematic structural model of the Travale area [46]. The outcropping
carbonate formations represent the recharge area of the shallow reservoir, which is cooled
down and is therefore less exploited than the deep reservoir. The structural-stratigraphic
conceptual model is depicted in Figure 2c and outlines the following geological units:
(1) Neogene sediments, (2) Ligurian and sub-Ligurian complex (Jurassic–Eocene), (3) Tuscan Nappe (Triassic–Lower Miocene), (4) tectonic wedge complex (Paleozoic–Triassic),
(5) phyllitic and quartzitic complex, (6) mica–schist complex, (7) gneiss complex, (8) Pliocene
granite and Quaternary granite. The shallow geothermal reservoir is hosted in units three
and four, while the deep metamorphic reservoir is found in units five, six, seven, and eight.
The intrusive complex represents the heat source of this long-lived geothermal system [36].
From seismic reflection data, two seismic markers have been detected in the deep
structure of the Travale field [33,55,57]. The shallow marker is referred to as the “H-horizon”
and appears as a discontinuous high-amplitude reflector. It is located in the metamorphic reservoir at a depth of 2.5–4 km, above the Pliocene granitoids, and represents the
actual reservoir target (see Figure 2b). In fact, most of the drilled wells encountering the
H-horizon are productive (e.g., in the sectors of Sesta, Radicondoli, and Montieri depicted
in Figure 2b) [33]. The deep marker “K-horizon” is represented by a high-amplitude discontinuous reflector showing local bright spot features at a range of depths between 3 km (in
Larderello) and 8 km (in Travale). Its origin and nature are still under debate [36,38,57–59].
The K-horizon has often been associated to the 400–450 ◦ C isotherm and the occurrence
of supercritical fluids, but recent deep drilling in the proximity of Larderello measured a
temperature above the K-horizon of about 510 ◦ C [45]. The most recent seismic study in
the Travale area was a local earthquake tomography analysis derived by travel-time inversion [39]. The 3D model of P-wave velocity (vp ) highlighted a deep-rooted low-velocity
body (vp = 5.7 km/s) below the Travale area, between the H- and K-horizons (see Figure 2b).
The Travale geothermal area is characterized by a low gravity anomaly of about
10–20 mGal [34]. This anomaly is spatially coherent with the highest heat flow of about
200 mW/m2 measured at the surface. Thermal numerical-modeling studies were performed
in order to investigate the nature of the heat source of the reservoir as well as to predict the
future evolution of the geothermal system [48].
Previous MT studies of the Travale geothermal area resulted in 2D resistivity models [29,40]. The 2D inversion followed the algorithm of Rodi and Mackie [60], using a priori
geological sections of the profiles as their starting model. The inversion results showed,
in essence, a highly conductive shallow subsurface and a large resistive body (around
800 Ω·m) overlying the K-horizon from a depth of 3 to 6 km. However, since previous
studies are limited to 2D interpretation, this MT dataset needs to be re-examined in the
light of the most recent 3D MT inversion techniques.
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Tuscan Nappe sediments (Late Triassic–Early Miocene), (5) Tuscan Nappe: basal evaporites (Late
Triassic), (6) Metamorphic units (Triassic–Paleozoic). The red squares are the 51 sites selected for MT
inversion. Radicondoli7bis is the well shown in Figure 13. The black curves are the main faults [56];
(b) Schematic conceptual model of the Travale area with NW-SE orientation where seismic horizons
H and K are indicated (modified from [42]); (c) Schematic sketch of the tectono-stratigraphic and
hydrogeological complexes of the LTGA (modified from [24,47]).

3. The MT Dataset
3.1. Acquisition and Processing
The Travale geothermal field was explored by means of three MT campaigns conducted
in 1992, 2004, and 2006–07 [29,40]. The sites are depicted in Figure 1 with different colors
according to the year of acquisition. The investigated area covers a surface of 48 km2 . The
average distance from the coastline is 60 km. The minimum distance between the sites is
191 m (sites d8–d9) and the average distance is 3.8 km. The minimum and the maximum
elevations are 314 m (site c9) and 652 m (site k5) a.s.l., respectively.
The acquisition settings of the three datasets were slightly different. The 1992 dataset
is composed of two long E-W profiles and was acquired as part of an exploration project
using Phoenix V-5 systems [28,61]. A remote reference processing technique was applied
using the remote site located on the Island of Capraia (Tuscan Archipelago).
Regarding the 2004 dataset, four-component (and five-component for some sites) data
were collected using the Phoenix MTU system in the frame of the INTAS (EU) Project. At
each site, the MT signal was recorded overnight for (at least) 12 h in the range of 0.003–993 s.
Quality controls were carried out on time series, spectra, and transfer functions and a strong
noise signature was observed for some sites, as reported by [29]. The source of the noise
for short-period MT data was related to the local power plants and geothermal exploiting
activities. To solve this, the remote-reference processing technique was applied using
simultaneously measured data at the local sites. Long-period MT data were contaminated
by noise arising from nearby electrified railways. To solve this, a remote site was placed
in Sardinia, around 500 km southwest of Travale. The whole dataset was processed using
the Phoenix Geophysics software [62], based on the remote reference robust processing
method [63].
The 2006–07 dataset was acquired in the context of the I-GET (EU) Project. Longperiod MT data (period range: 0.2–1000 s) were measured using the MT systems “NIMS”
or “LEMI,” while audio-MT data (period range: 0.001–10 s) used a Stratagem system [40].
In this study, the whole dataset depicted in Figure 1 (86 sites) was adopted for the
dimensionality and directionality analyses. All the sites shown in Figure 1 are meant to
provide a complete overview of the MT data previously acquired in Travale and to eventually foster new MT campaigns by ensuring high-quality data and regular site distribution
on a 3D grid. The availability of a large MT dataset from different campaigns allowed
for comprehensive dimensionality analysis. For 3D inversion modeling, we selected the
subset of 51 MT soundings acquired in 2004. The main reasons for this choice were based
on the low level of noise, the similarity of the period range covered by the responses and
the regular spatial distribution of the site locations. Some MT sites were discarded from
3D inversion due to either their poor quality (the 2006–07 dataset) or to their inadequate
spatial coverage (the 1992 dataset is composed of two isolated profiles around Larderello).
These two factors would have corrupted the 3D modeling and the meshing, respectively.
The data quality of the sites selected for inversion is shown in Figure 3. The observed
off-diagonal apparent resistivity is not corrected for static shift, which can explain some
scattering of the curves.
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factors calculated for static-shift correction were Sxy = 9 and Syx = 2. Figure 6b displays the
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(such as a1 and b2) had a corrected ρapp starting from around 100 Ω⸱m, while the sites on
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Regarding the other sites corrected for static shift, the majority of the original MT
ρapp curves that, at the shortest periods, laid either above 100 Ω·m or below 10 Ω·m,
were shifted within the range 10–100 Ω·m. In particular, the sites over the Neogene
sediments (such as a1 and b2) had a corrected ρapp starting from around 100 Ω·m, while
the sites on the Ligurian unit (such as e1 and d3) had a corrected ρapp starting from around
20–30 Ω·m. A detailed overview of the static-shift factors Sxy and Syx is depicted in Figure 7.
The histograms show that the range of Sxy and Syx is 0.1–10 and most of them are lower
than 2, thus meaning low correction factors. The grey bins in Figure 7 represent the
Remote Sens. 2022, 14, x FOR PEER REVIEW
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of 26
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4. 3D MT Modeling and Inversion
The final dataset addressed by the inversion was composed of the 51 sites plotted as
red squares on the geological map in Figure 2a. The complete period range was 0.003–
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4. 3D MT Modeling and Inversion
The final dataset addressed by the inversion was composed of the 51 sites plotted as red
squares on the geological map in Figure 2a. The complete period range was 0.003–1000 s,
originally discretized into 75 values, then resampled into 20 values to unburden the timeconsuming 3D computation. The resampling was calculated using a routine in the MTpy
toolbox [67].
The 3D inversion was performed using the ModEM software, which is available for
the EM research community [9,15]. The inversion scheme of ModEM is based on the
nonlinear conjugate gradient (NLCG) and the computation is parallelized. The objective
function of the linearized inversion minimizes both the data misfit and model roughness,
penalizing the deviations from the starting model. Inversion with different settings were
executed using 96 cores (three nodes) of the high-performance computing (HPC) cluster
of the Politecnico di Torino. The CPU model of the single node was an Intel Xeon Gold
6130 2.10 GHz with 21 TB (DDR4) of RAM. When the runs were computed, the sustained
performance of the cluster was 21 TFLOPS. The computation time was around one hour
per NLCG iteration.
The inversion settings, the 3D mesh, and the results were prepared and analyzed using
the 3D-GRID Academic software. The domain was 130 km in the horizontal directions
away from the model center and around 300 km deep, consistent with the boundary
conditions and the electromagnetic skin depth. The mesh included the topography and
bathymetry and the resistivity of the sea was fixed to 0.3 Ω·m. One important advantage of
including the topography in the 3D model is that the forward computation compensates
the static shift caused by topography [70,74,75]. Along the horizontal directions, the model
mesh was discretized into 100 × 100 cells, whose size was constant (140 m) for the central
70 × 70 cells, linearly increasing by a factor of 1.37 for the external cells (15 planes for each
lateral side towards the boundary of the domain). The vertical direction was discretized into
65 layers, whose thickness was 28 m for the first layer, then increasing by a factor of 1.2.
We performed an extensive number of inversion tests in order to find the model
(affected by equivalence) that has the best data fitting and agreement with the complex
geology of the Travale geothermal field. The settings of the different inversion tests are
summarized here, and fully explained in the Supplementary Material (Part B). These
settings regard the starting model, smoothing factors, mesh orientation, tensor(s) to be
inverted, and correction of the static shift for some sites. These settings were chosen
following the most recent literature findings but also adapted to our specific dataset.
The starting model used for the inversion was a homogeneous half space of 100 Ω·m,
which was selected after testing four different resistivity values (10, 100, 300, and 1000 Ω·m).
Figure S3 in Supplementary Material shows that the lowest RMSE (1.05) was achieved with
the fewest number of iterations by the inversion test using a 10-Ω·m homogeneous starting
model. However, the 100-Ω·m resistivity value yielded the second lowest RMSE (1.15)
and, since it was coherent with the average apparent resistivity of the sites after static shift
correction, it was chosen for the starting model. We also performed a further inversion test
with an a priori starting model derived from the 2D inversion result of [29]. It is provided
in Supplementary Material (Part B).
The smoothing factor controls the model regularization along the three dimensions.
Its choice was as critical as that of the starting model because of the over-parametrization
of the inverse problem, which can lead to different outcomes [76]. After some trials, we set
the smoothing factor to 0.2 for the horizontal directions and 0.1 for the vertical direction, in
order to emphasize the vertical contrasts among the deep structures. When the inversion
was initialized by the a priori starting model (test C in Supplementary Material, Part B),
the smoothing factors were increased to 0.5 and 0.4, respectively, in order to test, on one
hand, if the a priori resistivity contrast could be smoothed—despite the ModEM approach
of minimal deviations from the starting model—and, on the other hand, if it was in fact
required by the data.
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The coordinate system was aligned with the geoelectrical strike. Even though the
coherence between the strike direction and the rotation of the model mesh and data is
fundamental in 2D modeling, it has turned out to be critical in 3D modeling as well [76–78].
The authors of [76] demonstrated that the 3D inversion result is dependent on the coordinate
system and recommended a strike-oriented model mesh since it mostly minimizes the
coupling among the four components of the impedance tensor (which, in ModEM, are
handled independently). The MT data (Z and T) were rotated to N50◦ W (which is the same
rotation as N130◦ E). The location of the MT sites was rotated to N50◦ E with respect to the
mesh in order to simulate a mesh rotation of N50◦ W, because ModEM assumes that the
data and the mesh are rotated in the same direction. We also performed two inversion tests
(tests A and B in Supplementary Material, Part B) with the coordinate system aligned to
the geographic north (N0◦ ) and the MT data (Z and T) not rotated.
The uncorrected off-diagonal components of Z were inverted together with the tipper
data. Even though in a 3D environment the information about the subsurface resistivity
distribution is included in all the tensor elements, which can improve the spatial resolution,
we neglected the inversion of the on-diagonal components since they had a relatively high
magnitude. The inversion of the tipper T was included to improve the sensitivity at depth
and to seek out lateral constraints [10]. After evaluating the quality of our data for the
inversion, we selected 24 out of 26 sites with the tipper.
For the sake of completeness, the other inversion tests performed are supplied in
Supplementary Material (Part B). They encompass the inversion of: uncorrected Z and
T (tests A, C, D), uncorrected Z (test B), uncorrected off-diagonal components of Z with
(test E) and without the tipper (test F), static-shift corrected off-diagonal components of Z
(test G) considering the sites corrected for static shift (see Section 3.3).
The error floor was set as a portion of the absolute value of the impedance components
(|Zij |) instead of as a portion of the mean of the off-diagonal components (|Zxy · Zxy |0.5 ),
because the mean value could have underestimated one component of the tensor with
respect to the other ones [76]. Since the original errors of the data were not negligible, the
error associated with the data was set as the maximum between the original error and an
error floor of 10% for the off-diagonal components of Z, and of 15% for the on-diagonal
components of Z, which generally presented high magnitudes. The error floor of the tipper
components was assigned by taking into account the error ratio between the impedance and
the geomagnetic transfer function [79], that is, equal to the error floor set for the impedance,
i.e., 10% of the absolute value.
5. Inversion Result
The result we present in this section is the outcome of the inversion performed on
the strike-aligned mesh starting with a 100 Ω·m homogeneous model and using the offdiagonal components of Z and T. The error floor was 10% for Zxy , Zyx , and the T. We
consider this outcome to be the reference model among the other tests performed for two
reasons: it is the most representative model of the geology of the area and it has the best
data fitting for the off-diagonals at long periods (the calculated responses for selected
sites are shown in Supplementary Material, Part C). In fact, the exclusion of the diagonals
improved the data fitting with little effect on the model structures thanks to the inclusion of
the tipper data. Furthermore, this inversion did not consider the static shift corrections, but
given that we had rotated the data, and that only information from TDEM was available at
some sites, it would have added doubts if this correction had been applied to the proper
components of the tensor.
The inversion ended when the RMSE did not further decrease (and the minimum
damping factor was reached). The total number of iterations was 71 and the final RMSE
was 1.12.
The 3D resistivity model obtained is shown in Figures 8–10. (The figures have not
been smoothed, but represent the original cell-by-cell visualization.) Figure 8 shows the
resistivity distribution in the horizontal plane at six different depths (27 m a.s.l., 222 m,
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722 m, 1.4 km, 3.1 km, and 5.3 km b.s.l.) as they reveal the most evident resistivity contrasts
of the imaged model. In the shallow structures (Figure 8a,b), we observe a clear difference
between the northeastern conductive region roughly oriented NW-SE (<10 Ω·m), hereafter
C1, and the southwestern region, hereafter R1, where the resistivity rises by up to 300 Ω·m.
From 1 to 2.5 km b.s.l., the resistivity increases up to 180 Ω·m in a resistive body (R2 in
Figure 8d). Below a depth of 3 km (Figure 8e,f), a resistive body of maximum 140 Ω·m,
hereafter R3, elongates orthogonally to the strike (i.e., in parallel to the y-axis).

Figure 8. Horizontal view of the 3D resistivity model for different depth slices: (a) 27 m a.s.l.; (b)
222 m b.s.l.; (c) 722 m b.s.l.; (d) 1.4 km b.s.l.; (e) 3.1 km b.s.l.; (f) 6 km b.s.l. This strike-oriented mesh
has the north rotated 50◦ clockwise to be coherent with the data rotation of N50◦ W. The black-dashed
profile AA0 drawn in (a) (from site k5 to a8) is the cross-section reported in Figure 9. Profiles BB0 and
CC0 are shown in Figures 12 and 15, respectively. The dashed lines in (b) are the vertical cross-sections
of Figure 10.
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The vertical cross-section depicted in Figure 9 is directly comparable with the 2D
model of [29]. The most important feature between the depths of 3 and 8 km is a large
140-Ω·m body (R3). The R3 body extends orthogonally to the strike direction, as imaged
also in the horizontal view of Figure 8e–f. Figure 10 shows the vertical cross-sections along
the ZY and ZX planes (the traces of these sections are marked in Figure 8b).
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The RMSE of 1.12 can be appreciated from Figure 11a,b, which plots the distribution
of the RMSE in the frequency–space domain for Z and T, respectively. The final RMSE
normalized for the full period bandwidth was 0.87 for Z and 1.5 for T. The lowest RMSE
for Z was measured in site g1 (0.5) and for T in site b8 (0.6). The worst RMSE resulted in
site e1 (1.4) for Z and in site c1 for T (3.4).
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contrast and a geological surface from the known geological model.
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resistive region R2 (180 Ω⸱m) rather than a conductive anomaly as seen in the 2D model.
The resistive body R3 at 3–8 km b.s.l. has a different shape, boundaries, and resistivity
values compared to the 2D model. Given all these dissimilarities, our result overcame the
main limitations of the 2D model, which could have been strongly biased by its chosen a
of 25missed
priori geological cross-section starting model. Moreover, the 2D model might 17
have
some heterogeneities due to the adoption of a 2D approach for the inversion of 3D data.

Figure 12. The vertical cross-section of the 3D resistivity model is compared to the black-dashed line
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Figure 13. Well log resistivity (induction log M2R6) from the Radicondoli 7bis well (black line) and
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The deep resistive body R3 (see Figure 8e–f, Figures 9 and 10) was imaged in all the
inversion tests and showed high resistivities (>140 Ω·m) between the depths of 3 and 8 km.
Figure 14 displays the 3D model with a cutaway view on the 160 Ω·m isosurface. Further
inspection of the 3D model is supplied in Supplementary Material with a brief animation.
For the first time the deep resistive body of the Travale geothermal field, already known
from 2D inversion, is revealed with its position and orientation in three dimensions. From
Figure 14, the R3 body is oriented orthogonally to the main Apennine strike direction. This
was expected because some of the soundings showed a strike direction of N40–50◦ E at
long periods (see Supplementary Material, Part A). The orientation of R2 and R3 represents
a major improvement in the knowledge of the Travale geothermal field. A strict relation
Remote Sens. 2022, 14, x FOR PEER REVIEW
21 of 26
between the strike-slip tectonics transversal to the Apennine direction and fluid circulation
was recently claimed by various studies [59,81–83].
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To assess if R3 was necessary to fit the data, we carried out a sensitivity analysis (see
Supplementary Material, Part C, for details). R3 was replaced with a perturbed body of 1,
20, 50, and 100 Ω·m in four different sensitivity tests, respectively. The 1 Ω·m perturbed
model most significantly worsened the RMSE. The recalculation of the forward problem
led to an overall RMSE increase of 75% and to an RMSE increase from 57% to 101% for
the sites directly above the body (see Figure S17 in the Supplementary Material for a
representative site). The sensitivity analysis proved that the model is most sensitive to the
lowest resistivity value of the perturbed body (1 Ω·m) and that the data are incompatible
with a resistivity lower than 50–100 Ω·m for R3, given the limitations of the poor resolution
at this depth.
In order to interpret the resistive body R3 below the Travale field, we compared the
3D resistivity model with the 3D local earthquake tomography by [39]. An analogy occurs between the resistive body R3 and the low-velocity body detected in the vp images
below the Travale area along an available profile (see Figure 15 from profile CC0 plotted in Figure 8a). The velocity model reported a 5-km-wide low-velocity body (vp about
5 km/s) that was deeply rooted in the crust. Furthermore, that authors showed the occurrence of a large number of hypocenters inside and surrounding the low-velocity volume
(5–5.5 km/s), which is highly comparable in shape to R3. This implies the occurrence of a
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fragile regime and rock fracturing. It is worth noting from [39] that the largest hypocenter
cluster corresponds to a high-velocity anomaly below the K-horizon, a region which is
unfortunately not covered by our MT survey. It should be noted that, in [39], the trend
Figure
14. The 3D model
with that
a cutaway
view
on but
the some
160 Ω∙m
of the low-velocity
body isdisplayed
different from
of our R3
body,
testsisosurface.
performedThe deep
resistive
bodies
R2 and
R3 are directed
The black dots represent the MT sites.
in [39] also
showed
a transverse
NE-SWabout
trendN40°E.
in the area.

Figure
15.AAvertical
vertical
cross-section
from
the 3D resistivity
model with
is compared
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Figure 15.
cross-section
drawndrawn
from the
3D resistivity
model is compared
the 3D seismic
seismic
velocity
model
from localtomography
earthquake
by [39].
R3and
body
(>140 Ω⸱m) and the
velocity model
from
local earthquake
bytomography
[39]. The R3 body
(>140The
Ω·m)
the low-velocity
body with vp around 5–5.5 km/s both extend between the depths of 3 and 8 km. The trace of the
cross-section is the profile CC0 in Figure 8a and it corresponds to the seismic profile CC0 of Figure 6
in [39]. The dashed lines represent the absolute seismic P-wave velocity (from 4.5 to 6 km/s). The
red contour lines are the isodepths of the H- and K-horizons (from [39] and references therein). The
black circles represent the hypocenters and are proportional to the magnitude. The coordinates of
the section edges are (latitude north-longitude east): 43.1667◦ –11.0240◦ (left) and 43.2124◦ –11.0732◦
(right).

Our interpretation of R3 is that it may be due to the effect of the interplay of a highly
fractured volume of crystalline rocks hosting a high-temperature hydrothermal circulation
and to the occurrence of a very large (crystallized) granitic intrusion, locally cored by some
wells at depths between about 2–4.5 km. The resistive nature of the deep body is explained
by the vapor-dominated condition of the reservoir, so that highly resistive fluids (vapors)
circulate in highly resistive rocks (e.g., granites). Moreover, a pervasive mineral alteration,
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which would decrease the bulk resistivity of the rocks, has been excluded by well-cuttings
and core-analyses carried out in this area as part of the I-GET project [40,84].
Our 3D model had limited resolution below R3, but showed an interesting relationship
with the seismic marker K-horizon. The bottom of R3 is around 8 km deep (see Figures 9,
10 and 15) and could be reasonably associated with the depth of the K-horizon in this area
(following [47]). We did not recognize the occurrence of melt fractions in the area of study
down to 8 km. The occurrence of melted igneous intrusions cannot be excluded at a level
deeper than 8 km or in the Travale area, which is not covered by our MT sites.
7. Conclusions
This work presents the first 3D resistivity model of the geothermal area of Travale
(Italy) resulting from derivative-based 3D MT inversion.
The MT dataset was accurately analyzed in terms of geoelectrical dimensionality,
strike direction, and phase tensor properties.
Given the equivalence of the solutions of the 3D MT inverse problem, we performed an
extensive number of inversion tests by varying the initial parameters. These regarded the
starting model, the data to be inverted, the grid rotation, and the correction of the static shift
for some selected sites. The static shift was corrected for the off-diagonal components of
the impedance tensor by means of TDEM soundings for those MT sites in correspondence
with (or in the vicinity of) the TDEM acquisitions. After many tests, we have demonstrated
that—if static-shift corrected data of the selected sites are included in the 3D modeling—the
shallow structures are more homogeneous and the long period data fit better than for the
test with uncorrected data (see Supplementary Material), but there was no appreciable
improvement in the final RMSE and model. For these reasons, the 3D model for the final
interpretation was selected from the inversion of uncorrected off-diagonal components and
the tipper, using a strike-aligned mesh. This model has the best data fitting and agreement
with the complex geology of the Travale geothermal system.
The selected model represents an important contribution to the investigation of the
Travale geothermal field. The most important outcome is that the final model identifies and
characterizes the region’s 3D subsurface structures. In this way, our results have expanded
the knowledge of the subsurface by adding another spatial dimension, where until now
it had only been estimated by means of 2D MT inversion. The validity of our results is
supported by geological information, resistivity well logs, and seismic data:
-

-

A distinct correlation emerged between the resistivity contrast at shallow depths and
the geological surface of the base of the Neogene sedimentary basin;
Two deep resistive bodies were imaged at depths of 1–3 km (R2) and 3–8 km (R3)
with resistivities higher than 180 Ω·m and 140 Ω·m, respectively, with a N40–50◦ E
orientation;
The mildly resistive body R2 lies in a region where the geophysical well logs measured
a heterogeneous resistivity value (10−1 Ω·m–104 Ω·m);
A marked analogy was identified between the deep resistive body R3 and a lowvelocity body (vp about 5 km/s) deeply rooted in the crust below the Travale area;
The role played by the vapor-dominated circulation is recognized in these highresistivity bodies (R2 and R3), together with the occurrence of (crystallized) granitic
intrusions contributing to R3.

Three-dimensional MT inversion was challenging due also to the time-consuming
computation which can require 100 times more unknowns than a 2D inversion. Furthermore, the geology of the area is extremely complex and the framework of the geothermal
system is still under debate. Our work offers the first interpretation of the 3D subsurface
electrical distribution in the Travale area from a geophysical perspective and could pave
the way to further insight about the geothermal system.
Future work should broaden the MT characterization of the Travale area by means of
new acquisition campaigns that would enlarge the investigated zone, ideally with a regularly spaced coverage of the sites, and would moreover improve the data quality according
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to the most recent acquisition techniques. The existing dataset needs to be expanded to all
the sites with the acquisition of the geomagnetic transfer function, which may significantly
improve the outcome of the 3D inversion. Joint inversion or the integration of multiple
geophysical datasets (e.g., gravity, surface waves, electric) would also be beneficial to a
comprehensive study of the geothermal system.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs14030542/s1. Part A: Details on the dimensionality analysis and starting model. Figure S1:
Dimensionality analysis; Figure S2: Phase tensor analysis; Figure S3: Choice of the starting model.
Part B: The inversion tests performed on the MT data set of Travale. Table S1: Settings and RMSE
values of the inversion tests; Figures S4–S15: Results from the 3D MT inversion tests and their RMSE
distribution. Part C: Model responses and sensitivity tests. Figures S16 and S17: Sensitivity analysis
on the deep resistive body R3. Video S1: animation of the 3D model.
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Čuma, M.; Gribenko, A.; Zhdanov, M.S. Inversion of magnetotelluric data using integral equation approach with variable
sensitivity domain: Application to earthscope MT data. Phys. Earth Planet. Inter. 2017, 270, 113–127. [CrossRef]

Remote Sens. 2022, 14, 542

11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.

36.
37.

38.
39.

23 of 25

Singh, A.; Dehiya, R.; Gupta, P.K.; Israil, M. A MATLAB based 3D modeling and inversion code for MT data. Comput. Geosci.
2017, 104, 1–11. [CrossRef]
Grayver, A.V. Parallel three-dimensional magnetotelluric inversion using adaptive finite-element method. Part I: Theory and
synthetic study. Geophys. J. Int. 2015, 202, 584–603. [CrossRef]
Kordy, M.; Wannamaker, P.; Maris, V.; Cherkaev, E.; Hill, G. 3-D magnetotelluric inversion including topography using deformed
hexahedral edge finite elements and direct solvers parallelized on SMP computers—Part I: Forward problem and parameter
jacobians. Geophys. J. Int. 2016, 204, 74–93. [CrossRef]
Kruglyakov, M.; Kuvshinov, A. 3-D inversion of MT impedances and inter-site tensors, individually and jointly. New lessons
learnt. Earth Planets Space 2019, 71, 4. [CrossRef]
Kelbert, A.; Meqbel, N.; Egbert, G.D.; Tandon, K. ModEM: A modular system for inversion of electromagnetic geophysical data.
Comput. Geosci. 2014, 66, 40–53. [CrossRef]
Spichak, V.; Popova, I. Artificial neural network inversion of magnetotelluric data in terms of three-dimensional earth macroparameters. Geophys. J. Int. 2000, 142, 15–26. [CrossRef]
Xiang, E.; Guo, R.; Dosso, S.E.; Liu, J.; Dong, H.; Ren, Z. Efficient hierarchical trans-dimensional bayesian inversion of magnetotelluric data. Geophys. J. Int. 2018, 213, 1751–1767. [CrossRef]
Conway, D.; Simpson, J.; Didana, Y.; Rugari, J.; Heinson, G. Probabilistic magnetotelluric inversion with adaptive regularisation
using the No-U-Turns sampler. Pure Appl. Geophys. 2018, 175, 2881–2894. [CrossRef]
Pace, F.; Santilano, A.; Godio, A. A review of geophysical modeling based on particle swarm optimization. Surv. Geophys. 2021,
42, 505–549. [CrossRef]
Uchida, T.; Sasaki, Y. Stable 3D inversion of MT data and its application to geothermal exploration. Explor. Geophys. 2006, 37,
223–230. [CrossRef]
Piña-Varas, P.; Ledo, J.; Queralt, P.; Marcuello, A.; Bellmunt, F.; Hidalgo, R.; Messeiller, M. 3-D magnetotelluric exploration of
tenerife geothermal system (Canary Islands, Spain). Surv. Geophys. 2014, 35, 1045–1064. [CrossRef]
Lindsey, N.J.; Newman, G.A. Improved workflow for 3D inverse modeling of magnetotelluric data: Examples from five
geothermal systems. Geothermics 2015, 53, 527–532. [CrossRef]
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