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Summary I 

 

Summary   

The magnetotelluric method (MT) is one of the most effective geophysical 
techniques for the investigation of deep geothermal systems because it can 
recover the electrical-resistivity distribution of the Earth from a few meters to 
hundreds of kilometers of depth. 

 The MT inverse problem is ill-posed in nature with nonlinear and equivalent 
solutions. The standard approach to solve the inverse problem is the iterated and 
linearized inversion. However, it is also possible to adopt the global search 
approach, which performs stochastic inverse modeling by adopting the Monte-
Carlo or metaheuristic methods. Global search methods have become of major 
interest in geophysics because they are theoretically able to find the global 
minimum of a function as the final solution without being trapped in one of the 
several local minima. The potential advantages of metaheuristics are also to 
provide complete sampling of the search space of solutions and independence 
from the starting model. 

The development of a metaheuristic method to solve the 2D MT inverse 
problem represents a novelty in the framework of the existing MT inversion 
techniques. Moreover, deploying 2D stochastic inverse modeling to interpret MT 
data from geothermal areas has a great potential, mostly in those cases where the 
geological complexity and the difficulty in retrieving reliable external constraints 
can negatively affect the solution of the inverse problem. One of the most 
extraordinary geothermal resources in the world is the Larderello-Travale 
geothermal area (LTGA), located in south Tuscany, Italy. The area has been the 
object of vast industrial and scientific research over the past century. Nonetheless, 
some geological, physical and chemical aspects are still a matter of research.  

This thesis investigates a new method, based on particle swarm optimization 
(PSO), to perform stochastic inverse modeling of 2D MT data. The PSO input 
parameters were accurately calibrated by means of a sensitivity analysis in order 
to enhance the stability and convergence of the solution. The computationally 
demanding nature of the algorithm was overcome by parallelizing the code to be 
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Bertani et al. 2018). The intrinsic geological and hydrogeological complexity of 
the LTGA makes challenging the geoscientific characterization of the geothermal 
system. Geophysical exploration is of crucial importance to increase our 
knowledge of geothermal systems. 

Seismic, gravity and magnetic surveys can provide valuable information on 
the shape, size, depth and interfaces of the constituting structures of the 
geothermal system in terms of velocity of the elastic waves, density and magnetic 
susceptibility. However, they are not completely accurate for the individuation of 
the geothermal fluids, which are the main exploration target. Electrical and 
electromagnetic (EM) prospections are far more suitable for detecting the 
occurrence and placement of hydrothermal circulation. EM methods have been 
recognized to best characterize the geothermal features (Pellerin et al. 1996). 
Specifically, the clay-cap appears to be properly detected by controlled-source 
audio-magnetotelluric (CSAMT) and transient EM (TEM) data. The underlying 
deep reservoir is effectively imaged by deploying the magnetotelluric (MT) 
method. 

MT is one of the most effective geophysical techniques for the investigation 
of deep geothermal systems because it can recover the electrical-resistivity 
distribution of the Earth at depths ranging from a few meters to hundreds of 
kilometers (Pellerin et al. 1996; Muñoz 2014). The geothermal system is usually a 
volume of hot permeable rocks and faults and /or fractures where the conductive 
geothermal fluid circulates. The variation of the resistivity distribution of the 
subsurface can reveal the essential features of the geothermal system in order to 
identify and characterize the heat source, hot fluid circulation and the deep 
structures hosting the geothermal reservoir.  

The MT inverse problem is ill-posed in nature with nonlinear and equivalent 
solutions, meaning that many models can equally fit the data (within a certain 
tolerance threshold).  Various inversion algorithms have been proposed in the 
literature to solve the one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) MT inverse problem (Siripunvaraporn 2012). The standard 
approach in geophysics is iterated and linearized inversion, which deploys 
derivative-based local-search algorithms. However, to solve the inverse problem, 
it is also possible to adopt the global search approach, which performs stochastic 
inverse modeling by adopting the Monte-Carlo or metaheuristic methods (Sen and 
Stoffa 2013). Global search methods have become of major interest in geophysics 
because they are theoretically able to find the global minimum of a function as the 
final solution without being trapped in one of several local minima. Moreover, the 
high computational load of global search methods, which was one of the major 
issues of the past, is gradually being overcome thanks to the striking 
improvements in computer efficiency and the increasing accessibility to clusters 
or cloud computing.  

In the MT literature so far, global search methods have received scant 
attention and have been applied to the 1D inverse problem (e.g., Santilano 2017). 
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recovered and accurately analyzed in terms of geoelectrical dimensionality, phase 
tensor properties and strike direction. A complete overview of the MT data set is 
provided in Appendix B. Chapter 5 ends with the correction of the static shift 
occurring for some MT apparent-resistivity curves by means of time-domain 
electromagnetic (TDEM) data. TDEM soundings were acquired during a field 
survey in 2019 and are entirely supplied in Appendix C. 

 

Figure 1.1 Schematic view of the thesis plan. 

Chapter 6 focuses on the 2D stochastic inverse modeling of two MT profiles 
located in the Larderello and Travale areas, respectively. The adopted method is 
PSO of 2D MT data, presented in Chapter 4.  As described in Chapter 5, the MT 
data were acquired in 1992 and 2004 as part of two different projects for 
exploration and research purposes, respectively (European INTAS project).  

The 3D MT inversion of the data set presented in Chapter 5 is analyzed in 
Chapter 7. The 3D MT inversion was computed using the ModEM software, 
which is available for the EM research community (Kelbert et al. 2014). The 
inversion scheme of ModEM is based on nonlinear conjugate gradient. Both the 
inversion settings and the result analysis were arranged in 3D-GRID Academic, a 
supporting tool kindly provided by prof. N. Meqbel for research purposes. The 
final result can be considered the first 3D resistivity model of the Travale 
geothermal system derived by complete 3D MT inversion. Details on the outcome 
are drawn in Appendices D and E.  
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