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The magnetotelluric (MT) method is useful for monitoring geophysical processes because of a large dynamic depth range. In this paper, a feasibility study of employing continuous MT observations to monitor hydrothermal systems for both volcanic hazard assessment and geothermal energy exploitation is presented. Sensitivity of the MT method has been studied by simulating spatial and temporal evolution of temperature and gas saturation distributions in a hydrothermal system, and by calculating the MT response at different time steps. Two possible scenarios have been considered: the first is related to an increase in the fluid flow rate at the system source, the second is associated to an increase in the permeability of the rocks hosting the hydrothermal system. Numerical simulations have been performed for each scenario, and the sensitivity of the MT monitoring has been analyzed by evaluating the time interval needed to observe significant variations in the MT response. This study has been applied to the hydrothermal system of the Campi Flegrei (CF; Southern Italy) and it has shown that continuous MT measurements are not sensitive enough to detect a significant increase in the source fluid flow rate over time intervals less than 10 years. On the contrary, if the permeability of the upwelling zone increases, a measurable change in the MT response occurs over a time interval ranging from 6 months to 3 years, depending on the extent of the permeability increase. Such findings are promising and suggest that continuous MT observations in active volcanic areas can be useful for imaging volcano–hydrothermal system activity.
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INTRODUCTION

Monitoring a hydrothermal system involves the recognition of time variations in chemical, physical, and thermal parameters of the fluids circulating through pores and fractures of the host rocks. Linking the variations of such parameters to changes in the physical state of the system is crucial for understanding behavior and evolution of a hydrothermal system for both volcanic hazard assessment and geothermal energy exploitation.

In the last few decades, several monitoring techniques based on geochemical and/or geophysical methods have been proposed and successfully applied (e.g., Berrino et al., 1984; Lowenstern et al., 2006; Hurwitz et al., 2007; Chiodini et al., 2010; Biggs et al., 2014; Portier et al., 2018). Among these, the most commonly used involve geochemical analyses of the fluids emitted from the surface and ground deformation studies. In particular, chemical and isotopic analyses of hydrothermal fluids are widely used to infer depth and origin (magmatic or crustal) of the fluid source and, in case of volcanic hydrothermal systems, possible upwelling of the magma source (e.g., Bibby et al., 1995; Chiodini et al., 1998; Moran et al., 2000; Cardellini et al., 2003a, b; Finizola et al., 2003; Lowenstern et al., 2006; Rouwet et al., 2009). Whereas, ground deformation measurements are commonly used to obtain information on inflation or deflation of the hydrothermal system, possibly due to variations in its pressure and fluid content, and to infer the probability of explosion/eruption (e.g., Bartel et al., 2003; Puskas et al., 2007; Chiodini et al., 2010). Although these techniques are very effective in monitoring hydrothermal systems, they have some limitations. Specifically, the geochemical monitoring is linked to the occurrence of hydrothermal surface manifestations (e.g., springs, geysers, and fumaroles) and to the feasibility of fluid sampling, which can be severely limited in not easily accessible areas. While the main limit of the ground deformation monitoring lies in the data inversion problem (i.e., in retrieving the deformation causative source) that is poorly constrained as the measurements are limited to the ground surface. Therefore, in the last few decades these methods have been suitably integrated with other kind of techniques to assess the behavior of hydrothermal (or geothermal) systems. In particular, electric and electromagnetic geophysical methods have been proposed as useful tools for studying the physical processes governing their dynamics (e.g., Di Maio et al., 1998; Zlotnicki et al., 1998; Di Maio et al., 2000; Sasai et al., 2001; Zlotnicki et al., 2006; Utada et al., 2007; Legaz et al., 2009; Byrdina et al., 2014; Di Maio and Berrino, 2016; Gresse et al., 2017; Wawrzyniak et al., 2017; Ladanivskyy et al., 2018). The underlying idea is that, since the Earth subsurface resistivity distribution is sensitive to presence, composition, and temperature of the fluids along permeable fracture systems (Hersir and Björnsson, 1991; Ussher et al., 2000; Hersir and Árnason, 2009), observing resistivity changes over time may give useful insights on possible variations in the physical properties of the system. It is reasonable, indeed, to assume that resistivity varies substantially as result of changes in fluid composition, flow pattern, heat source, and water pH. It is worth noting that the observed resistivity variations can also reflect stress-induced structural changes.

Among all the geophysical methods that investigates the underground resistivity distribution, the magnetotelluric (MT) method presents two features that make it appropriate for monitoring purposes: (i) it investigates a wide range of depths, from hundreds of meters to hundreds of kilometers, allowing to retrieve information on the system at different scales; and (ii) it is a passive geophysical method, so it does not require an artificial energy source reducing the costs of a continuous monitoring. Although MT is widely used to characterize hydrothermal and geothermal systems (e.g., Stanley et al., 1977; Volpi et al., 2003; Heise et al., 2008; Newman et al., 2008; Munoz, 2014; Didana et al., 2015; Amatyakul et al., 2016; Peacock et al., 2016; Samrock et al., 2018), using MT as monitoring tool is still a new field of research, likely due to its sensitivity to anthropogenic noises. However, the advancements reached over the last few decades in the MT data processing make the method reliable also in presence of high level of cultural noise (e.g., Bahr, 1988; Egbert, 1997; Caldwell et al., 2004; Chave and Thomson, 2004; Weckmann et al., 2005; Larnier et al., 2016; Carbonari et al., 2018; Platz and Weckmann, 2019). To our knowledge, continuous MT measurements over a long period of time were carried out only by Aizawa et al. (2011), who monitored temporal changes in electrical resistivity at Sakurajima volcano for 180 days. They found variations in apparent resistivity of approximately ±20% suggesting possible degassed volatile migration laterally through a fracture network, as well as vertically through the volcano conduit. On the other hand, several MT surveys designed to monitor fluid stimulations for Enhanced Geothermal Systems (EGS) (Bedrosian et al., 2004; Geiermann and Schill, 2010; Peacock et al., 2012, 2013; MacFarlane et al., 2014; Didana et al., 2017) have been performed to assess the effectiveness of continuous MT observations in revealing lateral migration of fluids. For example, Peacock et al. (2012) observed an average decrease of 10 and 5% in the xy and yx components of the apparent resistivity, respectively, through MT measurements repeated in a time interval of 4 days after a fluid stimulation down to a depth of 3.6 km at Paralana borehole (Australia). Moreover, further analyses (Peacock et al., 2013) showed that the injected fluids mostly propagated in the N-NE direction, which corresponds to the pre-existing fault system orientation. Similar results have been also found by Didana et al. (2017) at Cooper Basin EGS (South Australia).

Conversely from the quoted studies, in the present work we propose to study the sensitivity of MT monitoring in detecting hydrothermal system variations by modeling possible evolution scenarios of the system dynamics and by estimating at selected time steps the synthetic response of MT soundings located along a profile crossing the hydrothermal system. The proposed approach is applied to the hydrothermal system of the Campi Flegrei (CF) volcanic district (Southern Italy), for which long geochemical and ground deformation data series, acquired since the early eighties (Chiodini et al., 2003; Todesco et al., 2004; Caliro et al., 2007), have allowed to define an accurate 3D petrophysical model (Petrillo et al., 2013).



MATERIALS AND METHODS


The Magnetotelluric Method

Magnetotellurics is a passive geophysical method aimed at defining subsurface electrical resistivity distribution of the study area (e.g., Wait, 1962; Vozoff, 1990). MT is based on the simultaneous measurements on the Earth’s surface of electric and magnetic horizontal components of the natural electromagnetic field (i.e., the magnetotelluric field), which are linearly related in the frequency domain through the transfer function defined as the impedance tensor. The latter plays an important role in the MT prospecting as it contains information on subsurface resistivity structure. In the frequency domain, the relationship that links the electric and magnetic fields reads as follows:
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where Ex, Ey and Hx, Hy are, respectively, the Fourier transforms of the horizontal electric and magnetic components of the MT field and Zij (where i,j = x,y) are elements of the impedance tensor Z. According to the diffusive nature of the MT field, electromagnetic waves of different frequencies reach different depths. In particular, the smaller the frequency, the deeper the penetration power (Vozoff, 1990). Thus, the impedance tensor evaluation at different frequencies will provide estimates of the electrical resistivity at different depths. In case of a homogeneous Earth, the impedance tensor is an anti-diagonal matrix and is related to the electrical resistivity by the following equation:
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where ρ is the electrical resistivity, ω is the angular frequency, and μ is the magnetic permeability of the subsurface volume involved by the electromagnetic induction. In case of an inhomogeneous subsoil, whose structure can be reasonably described with a 1D or 2D electrical dimensionality, which is a good approximation for several geological contexts (e.g., major fault zones, subduction areas, and axisymmetric volcanic edifices), the impedance tensor is still an anti-diagonal matrix (Bahr, 1988), but the resistivity given by Eq. 2 becomes an apparent resistivity value, i.e., a volume average of the real resistivity values that characterize the underground structures affected by the electromagnetic induction. Thus, Eq. 2 becomes:

[image: image]

where ρaxy and ρayx are the apparent resistivity values calculated for each frequency ω. These values, displayed as function of frequency (or period), allow to obtain qualitative information on both depth resistivity variations and subsurface electrical dimensionality.

It is worth noting that, for 2D earth resistivity structures, the electric component parallel to a lateral resistivity discontinuity (e.g., fault, dyke) induces a magnetic field perpendicular to the discontinuity and vice versa. This allows the decoupling of the MT field into two independent modes: the transverse electric mode (TE mode), which describes electric currents flowing parallel to the discontinuity, and the transverse magnetic mode (TM mode), which describes electric currents flowing perpendicular to the discontinuity direction. Thus, the TM mode is more sensitive to lateral resistivity variations (Simpson and Bahr, 2005).



Sensitivity of MT Monitoring to Hydrothermal System Variations

The MT monitoring sensitivity study presented here aims to quantify how much and how fast the magnetotelluric response varies after a change in the initial state of a hydrothermal system. The entire procedure is summarized in the flow chart shown in Figure 1. The first two steps of the procedure concern the building of a 3D realistic petrophysical model of the hydrothermal system under investigation, and the definition of possible variations of its initial conditions according to the characteristics of the system source and the properties of the host rocks. The third step involves the simulation of the hydrothermal system time evolution related to a fixed change of its initial conditions. The fourth step founds on the transformation of the petrophysical parameters, provided by the numerical simulation at selected time steps, to the corresponding electrical resistivity values by using a suitable analytical relationship. The latter allows to transform, for each time step, the 3D petrophysical model into a 3D resistivity model, which in turn permits to calculate the 2D synthetic MT response (fifth step in Figure 1) at different sounding stations located along a surface profile overlying the hydrothermal system. Finally, the MT monitoring sensitivity is analyzed in terms of time required for observing significant apparent resistivity variations. In the present study, the proposed procedure has been applied to the hydrothermal system of CF, by considering a synthetic continuous 2D MT survey performed along a profile centered on the CF caldera.
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FIGURE 1. Flow chart of the procedure proposed to study the MT sensitivity to hydrothermal system variations.




The Campi Flegrei Model

The CF area (Figure 2) is an active volcanic district located close to the city of Naples (Southern Italy) that has given rise to almost 70 eruptions in the last 15 kyr (Isaia et al., 2009), the last one occurred in 1538 AD (Di Vito et al., 1987; Rosi and Sbrana, 1987). The CF caldera hosts a hydrothermal system that is well developed mainly at the center of the volcanic district, in the area of the Solfatara crater (red dot in Figure 2). The main surface-manifestations of volcanic activity are represented by ground deformation and geothermal and hydrothermal activity (e.g., intense fumarolic flows, diffuse gas emissions, and anomalous temperature gradient). The latter likely responsible for the significant periodic variations in the ground surface (bradyseism phenomena) observed in the CF area (Tedesco et al., 1988; Di Vito et al., 1999; Chiodini et al., 2003; Todesco et al., 2004; De Natale et al., 2006; Lima et al., 2009).
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FIGURE 2. Campi Flegrei volcanic area (Southern Italy). The red circle shows the diameter of the petrophysical model used to simulate the dynamics of the CF hydrothermal system. The red point indicates the center of the model that is located at the Solfatara volcano.


In the last few decades, several models have been proposed to explain the CF hydrothermal system dynamics. Currently, most authors (Chiodini et al., 2003, 2012, 2016; Todesco et al., 2003, 2004; Caliro et al., 2007; Petrillo et al., 2013; Afanasyev et al., 2015) agree with a conceptual model consisting of a vertical plume, about 2.5 km deep, fed by both deep magmatic gas accumulation and vaporization of liquids of meteoric origin. In particular, the CF model employed for the numerical simulations presented in this work is that proposed by Petrillo et al. (2013). It has a cylindrical shape, with diameter of 12 km and height of 3 km, centered on the Solfatara Crater and is composed of 11,800 cells with volumes ranging from 1.95 × 106 to 9.32 × 107 m3, with a finer discretization near the upper boundary and along the central part of the system describing the fluid upwelling zone (Figure 3). The model hypothesizes the presence of a source of fluids (H2O and CO2) in a cell of volume 1.53 × 107 m3 located along the cylinder axis and centered at a depth of 2.6 km (red rectangle in Figure 3) that emits 17 kg/s of CO2 and 50 kg/s of H2O with an enthalpy of 3.3 × 105 and 2.7 × 106 J/kg, respectively. Such rates of emission have been chosen in agreement with the measured values of CO2 and H2O/CO2 by Caliro et al. (2007) and Chiodini et al. (2011). The model, developed using the TOUGH2 code (Pruess, 1991), defines properties of the host rocks of the hydrothermal system in terms of temperature, pressure, and gas saturation values, as well as porosity and permeability values. The porosity values have been obtained by deriving a linear relation between density and porosity data measured on outcrop and deep well samples collected in the whole CF area (Petrillo et al., 2013). Then, the porosity data have been used to estimate the permeability values by using the relation proposed by Costa (2006). We note that the CF model we used is considered a realistic approximation of the actual state of the CF volcanic system by many authors (Chiodini et al., 2003, 2012; Todesco et al., 2004; Caliro et al., 2007, 2014; Amoruso et al., 2014), as it is able to reproduce the surface geochemical and temperature data collected in the area. In particular, Figure 4 shows the temperature and gas saturation distributions obtained for the cross section along the W-E profile indicated by the red line in Figure 3. As it can be seen, the model exhibits a plume of high temperature and gas saturation just above the source of fluids. It is worth noting that, while the temperature of the plume decreases toward the surface, its gas saturation shows a more complex pattern. Indeed, two zones of complete gas saturation are observed: a deeper zone, which is located in proximity of the system source and extends from 1000 to 2600 m b.g.l., and a shallower zone, which extends from approximately 50 to 250 m b.g.l. The latter is possibly ascribed to the combined effect of temperature and pressure that, due to the high temperatures at shallow depths (T ≥ 150°C and z ≤ 200 m), allows the boiling of a larger amount of water.
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FIGURE 3. Campi Flegrei model shown in terms of porosity distribution. The red line indicates the profile along which the synthetic MT response at the stations 1–7 has been calculated. The black dashed ellipse indicates the portion of the hydrothermal system whose permeability values have been changed to simulate the effect of a permeability increase on the system dynamics (see section “Scenario II: Effect of Permeability Increasing”).
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FIGURE 4. Temperature (upper panel) and gas saturation (lower panel) distributions retrieved from the Campi Flegrei model proposed by Petrillo et al. (2013) along the red line shown in Figure 3. The green triangles 1–7 indicate the MT stations.




Analytical Relationship Between Petrophysical Properties and Electrical Resistivity

Possible relationships linking petrophysical properties to electrical resistivity have been investigated with the aim of transforming the selected petrophysical model of the CF area into an electrical resistivity distribution. The well-known Archie’s law (Archie, 1942; Glover et al., 2000; Glover, 2016) proved to be the most appropriate for our study when modified to take into account the effect of the temperature on the water resistivity (Dakhnov, 1962; Quist and Marshall, 1968; Hersir and Árnason, 2009):
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where ρ (Ωm) is the resistivity, a is the rock tortuosity factor, S is the water saturation, φ is the rock porosity, α (°C–1) is the water temperature coefficient, n is the rock saturation exponent, m is the rock cementation exponent, T (°C) is the water temperature, ρ23 is the water resistivity at the temperature of 23°C (Schlumberger, 2009). In this work, we used tortuosity factor and cementation exponent values typical of semi-consolidated tuffs, i.e., 0.5 and 2.8, respectively (Keller and Frischknecht, 1966; Keller, 1967). We note that the modified Archie’s equation (i.e., Eq. 4) has been validated by comparing the resistivity estimates retrieved from the petrophysical model to existing resistivity data on CF area. Interestingly, the chosen relationship allowed us to predict along the central portion of the analyzed profile (red line in Figure 3) the occurrence of: (i) a shallow region (i.e., above 300 m below ground level) characterized by relatively high resistivity values, which well match the results by Gresse et al. (2017), (ii) a highest conductivity zone below 1000 m depth, which is in very good agreement with the resistivity behavior recently found by Siniscalchi et al. (2019) from 2D inversion of audiomagnetotelluric (AMT) data.



RESULTS AND DISCUSSION


Sensitivity of MT Monitoring: Results

Starting from the model described in section “The Campi Flegrei Model,” two sets of simulations, which we assume as representative of possible evolutions of active hydrothermal systems, have been performed. The first set involves an increase in the fluid (liquid and/or gas) flow rate emitted from the system source. For volcanic hydrothermal systems like the CF, such an occurrence may be due, for example, to opening of new fractures and/or to magma ascent, which allows the exsolution of a larger amount of gas. The second set of simulations has been performed by increasing the permeability values of rock volume above the system source, which is presumably the zone most affected by the uprising of deep fluids (see black dashed ellipse in Figure 3), keeping fixed the fluid flow rate from the source. This scenario may occur when, for example, an increase in the fluids pressure creates new fractures and/or reopens the pre-existing ones, likely closed by self-sealing processes. The MT monitoring sensitivity has been assessed by assuming the presence of seven magnetotelluric stations, distant 500 m each other, along a profile crossing the center of the CF caldera (red line in Figure 3), whose orientation was chosen based on the outer caldera major axis (Acocella, 2010) and the direction of the main faults in the area, whose strike is predominantly NW−SE. The MT response related to the petrophysical discretized model employed for the numerical simulations has been calculated by using a 2D forward modeling code based on finite differences (Mackie and Madden, 1993; Zhang et al., 1995; Rodi and Mackie, 2001) available in the Geosystem’s WinGLink software package. A 10% error has been assumed for each impedance tensor estimate for taking into account the presence of noise on the MT data. Since no significant variations (i.e., greater than 10% error) have been observed for the MT phases, in the following the MT response will be shown just for the apparent resistivity and, in particular, for the three central MT stations (i.e., 3, 4, and 5 in Figure 3), where the performed numerical simulations found the largest variations in temperature and gas saturation. In this regard, we note that the corresponding variations in the MT signals are found within a 500 m radius from the center of the hypothesized source and this result fits well with the inverted resistivity model retrieved by Siniscalchi et al. (2019) through AMT soundings along a profile crosscutting the Solfatara crater. Finally, we point out that the apparent resistivity curves shown in this work refer to the TM mode, since it is more sensitive than the TE mode to the marked lateral variations observed for both scenarios in the temperature and gas saturation distributions.


Scenario I: Effect of Fluid Flow Rate Increasing

Several simulations have been performed by considering different increases of the fluid flow rate emitted by the system source (see section “The Campi Flegrei Model”). For each increase of the flow rate, which is kept fixed throughout the simulation, the hydrothermal system evolution has been simulated for a time interval of about 3 kyr. During each simulation, the temperature and gas saturation distributions, as well as the MT response at the seven sounding stations, have been estimated at selected time steps along the red line in Figure 3. For all the performed simulations, corresponding to the assumed increases of the fluid flow rate, the hydrothermal system has shown a great inertia, meaning that the analyzed physical parameters, i.e., temperature and gas saturation, have changed very slowly during the simulation time interval. As an example, Figures 5, 6 show the simulation results for a fluid flow rate from the source equal to twice that assumed by Petrillo et al. (2013). Specifically, Figures 5, 6 display the results for a variation of the CO2 flow rate from 17 to 34 kg/s and a variation of H2O flow rate from 50 to 100 kg/s. As it can be seen, the temperature (Figure 5) and gas saturation (Figure 6) distributions are mostly constant for the first 30 years, whilst significant variations are observed only after 100 years. The inertia of the system to changes in the fluid flow rate is apparent in Figure 7A, where the ratio between the synthetic apparent resistivity values (ρa) and the value of the apparent resistivity at the initial time (ρai), evaluated at period T = 1 s (penetration depth of about 2800–3000 m), has been plotted as a function of time. As it can be seen, the MT response starts to change after a time interval of 30 years for the stations 3 and 5, while it stays unchanged for the central station 4. This finding can be justified by considering a complete saturation in gas of the hydrothermal system under station 4 at the starting time of the simulation process. Conversely, the MT stations 3 and 5, which are symmetrical with respect to the center of the analyzed section, and therefore with respect to station 4 (see Figure 3), show significant variations in the apparent resistivity values estimated after a time interval of 30 years, just when perceptible changes are registered in the gas saturation distribution (see Figure 6). Figure 7B highlights the spatial variation of the apparent resistivity after 100 years of simulation, showing that the region where the MT response is more sensitive to changes in physical parameters covers a space interval of 500 m from the center of the hydrothermal system source. Therefore, the apparent resistivity curves have been calculated at different time steps only for these three central MT stations (Figure 8). As it can be seen, variations in the apparent resistivity are found stronger for periods larger than 0.1 s, corresponding to a penetration depth of about 1400–1500 m, which means that ρa starts to increase at deeper depths. The different trend of the MT curves for stations 3 and 5 emphasizes the anisotropy of the system, whose largest effects are observed in the time interval 10–30 years. Indeed, in such an interval the apparent resistivity for periods longer than 1 s first slightly decreases and then increases for the western station 3, while it monotonically increases for the eastern station 5. Moreover, apparent resistivity values at station 5 are found greater than those estimated at station 3. The observed features reflect the asymmetry of the plume, which is slightly wider to the east, below the station 5 (Figure 6). Finally, we note that the monotonic increase of the apparent resistivity curves, observed at the beginning of the simulation at period of about 1 s, moves toward lower periods (about 0.1 s) for larger simulation times. This behavior highlights that the increasing in temperature and gas saturation firstly involves the deeper portion of the hydrothermal system and then reaches its shallowest part (see Figures 5, 6). As mentioned above, similar results have been obtained for different increases in the flow rate. In particular, a reaction time of the system to an increase of the flow fluid rate shorter than 30 years has been observed only for an increase of about four times the original rate.
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FIGURE 5. Time evolution of the temperature distribution related to Scenario I in the vertical section along the red line shown in Figure 3. The first panel of the sequence shows the initial temperature distribution. The green triangles 1–7 indicate the MT stations.
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FIGURE 6. Time evolution of the gas saturation distribution related to Scenario I in the vertical section along the red line shown in Figure 3. The first panel of the sequence shows the initial gas saturation distribution. The green triangles 1–7 indicate the MT stations.



[image: image]

FIGURE 7. Scenario I. (A) Ratio between the synthetic apparent resistivity values (ρa) and the initial resistivity value (ρai) estimated for the three central MT stations as a function of time at the fixed period T = 1 s. (B) Ratio between the synthetic apparent resistivity values (ρa) and the initial resistivity value (ρai) estimated after a simulation time of 100 years for the seven MT stations at three fixed periods.
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FIGURE 8. Scenario I. Apparent resistivity curves as a function of period T calculated for the three central MT stations at seven different simulation times.


Summarizing, if a hydrothermal system is involved exclusively by an increase of the fluid flow rate from the source, the variations of the parameters that affect the resistivity (i.e., temperature and gas saturation) are too slow to be appreciated through continuous MT observations within a time interval useful for monitoring purposes.



Scenario II: Effect of Permeability Increasing

The second hypothesized scenario assumes an increase in the permeability of the rocks that characterize the fluid upwelling zone above the hydrothermal system source. Several simulations have been performed by considering different increases of the permeability values assigned to the portion of the system indicated by the black dashed ellipse in Figure 3. For brevity, as an example we show the simulation results obtained for an increase in permeability of two orders of magnitude with respect to the original permeability distribution of the model assumed by Petrillo et al. (2013), which is characterized by values ranging from 1 × 10–19 to 3.66 × 10–14 m2. The system evolution has been simulated for a time interval of 1 kyr. In particular, Figure 9 shows the temperature distribution obtained at different time steps over a span of 100 years. A decrease in the temperature values starts to be observed after 0.5 years in the central upwelling zone at depths between 250 and 1000 m b.g.l., as the effect of the permeability increase allows the entry of water from the surrounding rocks. Such a temperature decrease continues during the system evolution even if more slowly. As expected, the same area is also affected by a significant decrease in gas saturation which starts after 0.5 years and continues until complete saturation in water occurs after 10 years (Figure 10). It is therefore reasonable to assume that the observed changes in temperature and gas saturation produce significant variations in the resistivity distribution of the system, which can be revealed by variations in the MT response over time intervals useful for monitoring purposes. This hypothesis is confirmed by the results shown in Figure 11A, which displays, for the three central MT stations, the time variations of the ratio between the resistivities ρa and ρai evaluated at period T = 1 s. As it can be seen, appreciable apparent resistivity decreases are observed after 6 months, which are more evident for the three central stations as shown in Figure 11B. In Figure 12, apparent resistivity curves for these stations are shown as a function of period at seven different simulation times. The curves show a similar trend for all the three stations, even if the largest and faster variations are observed at station 4.
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FIGURE 9. Time evolution of the temperature distribution related to Scenario II in the vertical section along the red line shown in Figure 3. The first panel of the sequence shows the initial temperature distribution. The green triangles 1–7 indicate the MT stations.
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FIGURE 10. Time evolution of the gas saturation distribution related to Scenario II in the vertical section along the red line shown in Figure 3. The first panel of the sequence shows the initial gas saturation distribution. The green triangles 1–7 indicate the MT stations.



[image: image]

FIGURE 11. Scenario II. (A) Ratio between the synthetic apparent resistivity values and the initial resistivity value, estimated for the three central MT stations as a function of time at the fixed period T = 1 s. (B) Ratio between the synthetic apparent resistivity values and the initial resistivity value estimated after a simulation time of 0.5 years for the seven MT stations at three fixed periods.
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FIGURE 12. Scenario II. Apparent resistivity curves as a function of period calculated for the three central MT stations at seven different simulation times.


Summarizing, the performed simulations for the second scenario indicate that, as expected, the variation rate in temperature and, in particular, gas saturation is linked to the extent of the permeability increase. Specifically, appreciable variations are found starting from 6 months – for a permeability increase of 2–3 orders of magnitude – or from approximately 3 years – for a permeability increase of about half an order of magnitude, as highlighted in Figure 13, where the relative variation in gas saturation is shown for different increases in permeability value distribution. Correspondingly, the MT response at stations located in proximity of the area affected by permeability variations significantly changes after a time interval ranging from 6 months to 3 years (see Figure 12).
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FIGURE 13. Time variation of the mean gas saturation related to Scenario II in the central upwelling zone (black dashed ellipse in Figure 3) normalized to its initial value for four different increases of the initial permeability values, ki.




CONCLUSION

A sensitivity study aimed at estimating the effectiveness of continuous magnetotelluric observations for monitoring hydrothermal system dynamics has been presented. In particular, two possible evolution scenarios of a hydrothermal system have been assumed, corresponding to an increase in fluid flow rate from the system source and permeability of the rocks hosting the fluid upwelling zone, respectively. Several numerical simulations have been performed for each scenario and the MT response has been estimated at fixed time steps to assess the time intervals needed for observing significant variations in the apparent resistivity. The proposed approach has been applied to a 3D petrophysical model representative of the CF hydrothermal system and a modified form of the Archie’s law has been used to transform the distribution of values of porosity, temperature and water saturation into the electrical resistivity values. The simulation results related to the first scenario show variations in gas saturation and temperature too slow to be detected with continuous MT observations in a time interval suitable for monitoring purposes. Conversely, the simulations related to the second scenario show significant variations in the gas saturation distribution over a time interval ranging from 3 months to 3 years, which give rise to resistivity variations detectable by continuous MT observations in the same time interval. This result is promising for the monitoring of hydrothermal activity, as it proves the effectiveness of the MT method in identifying possible changes in the hydraulic parameters of a hydrothermal system likely related to changes in its dynamics. However, although the observed apparent resistivity variations related to the simulated scenarios are far greater than 10%, which is the error assumed for each impedance tensor estimate, robust filtering techniques for denoising MT signals must be applied to take into account the presence of heavy cultural noise on MT data collected in highly urbanized areas such as our test site. In addition, further studies are required to consider more complex scenarios including, for example, seasonal rainfalls, progressive increases of the dynamical variables of the system and presence of faults. Currently, the extension of the presented numerical modeling to 3D MT data sets is in progress as well as the installation of MT continuous stations in the CF hydrothermal area whose recordings could support this study.
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